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Abstract

Currently, soft polyester-melamine thin films used for exterior coatings have been
known to show discolouration on outdoor exposure in tropical regions during periods of
high temperature and high humidity. This discolouration is believed to be due to
airborne and rain-borne carbonaceous and silicaceous matter depositing and adhering to
the surface of the paint. For aesthetic reasons it is desirable to prevent this
contamination from building up and to make these surfaces self-cleaning.
This phenomenon of pre-painted steel panel discolouration in areas of high temperature
and high humidity, also known as tropical discoloration as it is most prevalent in
tropical areas such as Malaysia, Thailand, Indonesia and Singapore, is particularly
noticeable on external roofing and panelling of lighter colours. One objective of this
study was to determine the nature of the dirt particles that contaminate the surfaces of
pre-painted metallic panels in tropical climates causing tropical discoloration. This will
add further insight into various techniques used to prevent the discolouration from
occurring via prevention of the contaminating species from depositing and embedding
in the surface of the coating.
Investigating the nature of the dirt particles will increase the understanding of their
chemistry and morphology in order to best determine how to prevent the particles from
becoming adhered to the painted surface. The research presented here shows the
particulate contamination found to build up on surfaces in Singapore to be of
carbonaceous and silicaceous nature and of 1-10 µm in size.
Contamination resistance in pre-painted steel panelling can be increased by subjecting
the painted surface to oxygen plasma treatment. The oxygen plasma affects the surface
characteristics in several ways that have been shown to be beneficial to improving the
contamination resistance of the painted surface. By a process of oxidation, the oxygen
plasma etches and roughens the surface of the coating in combination to producing a
nanometre scale SiOx ‘crust’ like hard surface on the paint making it more difficult for
the contamination to adhere to the surface, and hence easier to remove by simply
washing the contamination away with water. The addition of a surface segregating,
siloxane containing molecule to the paint formulation has been shown to improve the
xiii

effectiveness of the oxygen plasma as a greater concentration of silicon is present at the
surface to be oxidised to form the SiOx surface crust.
The use of carbon/water slurry tests simulated the build up of contamination on the
paint surfaces and ease of removal of the contamination from the modified surfaces by
simply washing the contaminated surfaces with water. Particle adhesion was also
measured by use of an in-house built force-rig, for measuring the pull-off force of
micron sized particles adhered to the paint surfaces. These results were correlated to
show that a polyester-melamine paint surface containing a small percentage of a
caprolactone-dimethylsiloxane block copolymer additive which has undergone oxygen,
surface plasma treatment, shows greater dirt shedding ability than an unmodified
polyester-melamine paint surface.
The incorporation of coated silica microspheres and coated silica nanoparticles was
attempted in the hope of also creating a hard, rough surface to prevent the adhesion of
contamination to the polyester-melamine via a single coating process. The silica
microspheres were found to aggregate within the surface coating and hence did not
produce the regularly roughened surface that was desired. The silica nanoparticles were
found to not diffuse to the coating-air interface but were found to create hard
contamination resistant coatings when applied to the final coated surface as a secondary
coating process.
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Chapter 1:

General Introduction

Chapter 1: General Introduction

1.1

Introduction

Self-cleaning, non-stick, stain-resistant, Teflon® and Scotchgard™ are all terms and
trademarks that are commonly associated with contamination and stain resistant
products. The research discussed in this thesis covers the examination of several factors
associated with developing contamination resistant industrial paint surfaces, particularly
those with application for use on flat, pre-painted steel panelling.
Currently, soft polyester-melamine thin films used for exterior coatings have been
known to show discolouration on outdoor exposure in tropical regions during periods of
high temperature and high humidity. This discolouration is believed to be due to
airborne and rain-borne carbonaceous and silicaceous matter depositing and adhering to
the surface of the paint. For aesthetic reasons there is an obvious desire to prevent this
contamination from building up and to make these surfaces self-cleaning.
This phenomenon of pre-painted steel panel discolouration is most prevalent in tropical
areas such as Malaysia, Thailand, Indonesia and Singapore, and is most noticeable on
external roofing and panelling of lighter colours. In these regions of higher temperature
and humidity it is generally believed that the surface of the paint is softened allowing
the contamination to embed into the paint more easily.
Investigating the nature of the contaminants responsible for tropical discolouration is
important to this research as it will increase the understanding of the chemistry and
morphology of the particles. This investigation will assist in determining how best to
modify the painted surfaces in order to prevent the particles from becoming adhered to
the painted surface.
As yet an assumption on the nature of the contamination that forms on the surfaces of
the coated panels is purely speculative. The research will also help to validate that the
current model system used for adhesion measurement, of a Zirconium sphere attached
to a high spring constant atomic force microscopy (AFM) cantilever is representative
enough of the natural contamination.
A review of the literature associated with contamination resistant surfaces has been
conducted. The areas focussed on in the literature review involve the exploration of
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characterisation techniques used in the past to characterise contamination of a similar
nature to that analysed in this research, several methods utilised to create contamination
resistant surfaces and various methods by which the surfaces can be analysed and
characterised.
The results and discussion of the research conducted has been broken down into three
main areas. Firstly, research has been conducted on the contamination that is negatively
affecting the aesthetic quality of pre-painted steel surfaces in tropical regions. Secondly,
various methods for modification of paint surfaces have been tried and the results
discussed. Finally, an analysis of the surfaces that were successfully modified to
produce contamination resistance was used to develop an improved understanding of
the factors associated with creating contamination resistant surface coatings.
The purpose of the research outlined in the chapter on paint surface modification is to
investigate various ways to create surfaces with interesting characteristics for the
purpose of reducing the adhesion of dirt and contamination to the coated surfaces. The
formation of the modified surfaces in question was attempted in various ways. The use
of surface active molecules was attempted in order to observe the effects of low surface
energy molecules diffusing to the surface of the coating. Radio Frequency (RF) oxygen
plasma modification of formed surfaces was also performed to better understand some
of the effects the plasma treatment on the surfaces of the coatings in question. Hollow
silica microspheres were coated with different silanes and floated to the surface of the
coating prior to curing in an attempt to create surface roughness on the coating. Silica
nanospheres were also coated in various silanes and deposited into the coated surface.
The final chapter focuses on the study of particle adhesion to plasma treated silicone
surface layers formed from complex coating formulations incorporating a caprolactonedimethylsiloxane copolymer additive. Radio frequency (RF) oxygen plasma was
utilised to make the surface of the coating harder and more wettable. The resulting
surfaces were characterised with respect to water contact angle, surface roughness,
contamination resistance and the adhesion of spherical zirconia particles to the surface.
Results obtained for dirt shedding and contamination resistance of RF oxygen plasma
modified surfaces, seen in Chapter 5, were compared to results obtained for surface
roughness and particle adhesion to the modified surfaces. This comparison provided
3
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added insight into the conditions that are required to create improved contamination
resistance of the coated surfaces.
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2.1

Introduction

One major problem facing manufacturers of pre-painted steel sheeting, eg
COLORBOND®, is discolouration of the final painted panels when exposed to the
elements due to atmospheric contaminants and pollutants. The aim of this project is to
gain further insight into various ways to prevent this discolouration and hence, to
develop a new technique to prevent the discolouration from occurring via preventing the
contaminating species from depositing and embedding in the surface of the coating.
This review will focus on topics associated with the observation and identification of
contaminating material that adheres to paint surfaces and various ways that have been
found to prevent contamination building up on exposed surfaces. The surface
modification techniques examined involve diffusion of additives present in a coating
formulation, modification of the surface structure and surface energy of the coating-air
interface or post treatment of the coating-air interface to enable a reduction in the
adhesion of contamination and particles to these surfaces.
As yet the exact nature of the pollutants responsible for the discolouration of the coated
panels is unknown and in the past the assumption has been made towards a
carbonaceous particulate causing the discolouration. Much of the research effort to date
has been placed on the nature of the adhesion of glass and zirconia spheres onto the
paint surface which have been shown to adhere comparably to carbon particles 1,2. This
research was designed to better understand the adhesion between such particles and the
polyester-melamine paint surface to which they were adhered3, and has led to the
development of a dedicated force-rig (Figure 2.1) designed to measure the pull-off force
of particles from the polymer surface and hence the adhesion that these particles have to
that surface1,2.
It is hoped that the understanding of contamination resistant paints will be enhanced by
a study into the paint formulation itself, and in particular, the diffusion of molecules
through the paint to form a low surface energy layer on the coating. The use of a
combination of low surface energy and modified surface structure has been observed in
the past. By studying and comparing the physical properties of low surface energy and
structured surfaces, a better understanding can be determined for what can make them
useful as contamination shedding surfaces.
6
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Figure 2.1. Schematic representation illustrating the force rig designed to
measure fine particle adhesion via their pull-off force. The interaction
area inside the environmental chamber has been enlarged.2

2.2

The Source of Discolouration

One of the first topics to be addressed in this study of the contamination of paint
surfaces is the exact nature of the contamination that is affecting coated steel products in
certain markets. Previous studies have been conducted on atmospheric particulate
matter of a carbonaceous type, however, a vast majority of these studies have been more
associated with size characterisations of the particles for health concerns and less so
with their exact chemical nature4-7.
With the growth in the commercial use of nanoparticulate matter in pharmaceutical,
therapeutic, dental and various material and coatings applications the health safety
concerns have been increasingly examined. Respiratory health concerns in particular
have driven the development of new techniques7 to collect and analyse individual
particles for characterisation in order to better understand the potential health risks
associated with exposure to nano- and micro-sized particles. The use of single particle
analysis techniques for collection and analysis of individual particles has been widely
studied in recent years5,8,9, as well as collection and analysis of particles produced in
combustion processes and from vehicle exhausts.
For the collection techniques to be appropriate they must allow for spatial resolution
between particles to allow microanalysis of the individual particles to take place with no
interference from surrounding particles8. The most common technique used is for
particles to be collected onto a filter membrane, or even directly onto a TEM grid, and
7
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the collected sample subsequently analysed by SEM and/or TEM to determine the size
of individual particles combined with EDX or EDS for spectral analysis to determine
constituents within the particles6,7,10-12.
Measurement and collection of nanoparticulate matter is also widely carried out using a
scanning mobility particle sizer (SMPS) in areas such as Japan13, Hong Kong4, the
United States of America14 and Australia15, just to name a few. However SMPS is
mainly used for statistical data and provides no other characterisation than the
determination of particle size.
In the study of atmospheric soot particles released during and after the recent burning of
biomass, several studies have revealed the presence of ‘tar-balls’ in the atmosphere
particularly over industrialised areas of Europe and India where they were found with
reasonable consistency8,16,17. Reduced concentrations were found in areas of much
lower population density like Africa where the presence of ‘tar-balls’ greatly increased
following the burning of biomass and bio-fuel and quickly dropped away again.

2.3

Self-stratification in coatings formulations

Self-stratifying layers and additives in coating formulations allow for several property
advancements:
•

Adhesion durability (a contributor to corrosion protection)

•

Selective penetration into porous substrates

•

Improved surface properties such as wear resistance, higher gloss, surface slip,
durability, light and weather resistance18

Originally surface stratification was achieved by the use of immiscible polymer
mixtures at varying ratios. The surface stratification was achieved by minimising free
interfacial energy on heating the solution above the Tg and Tm of both polymers19. The
advantage surface stratification provided was that complex coatings could be applied
with a single coating application.
The self-stratification of the polymers and additives is a complex process, which
requires some sort of a driving force. For solvent and waterborne coatings there are
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various effects that provide these driving forces. These include; solution selective
coagulation, electrolysation, substrate wetting and penetration processes20,21. Other
driving forces are gravitation mechanisms, pigment wetting mechanisms, surface
tension gradients, capillary flow and the formation of Bernard cells20,21. Also, the
varying of polymer/polymer ratios, resin/hardener ratios, differences of solvents both in
nature and in ratio, application processes and various additives, all have been shown to
effect the phase separation and surface stratification in polymer coatings mixtures18-22.
Low interlayer adhesion can also be an issue where sharp interfaces are created by a
phase separation due to the difference in the surface energy of the layers in question.
This phenomenon can be controlled by varying the ratio of the polymers, by the use of
different solvents and by the addition of additives that promote the adhesion of the
layers.

2.3.1

Diffusion of Poly(dimethylsiloxane)

Polysiloxanes and polyacrylates are commonly used as additives in the paint and
coating industry due to their benefit as levelling agents. In the case of polysiloxanes, the
surface tension of the additive is lower than that of the carrying paint, so there is a
driving force for it to migrate to the liquid/air and liquid/solid interfaces23. This
difference in surface tension of the liquids assists in the controlling of surface tension
related issues in the final coated product such as poor surface finish, poor substrate
wetting, cratering, air draught sensitivity and the formation of Benard cells20,21.
There have been very few papers and studies published on the diffusion of
poly(dimethylsiloxane) (PDMS) through polymer networks. Of those that have been
published, the sorption process of PDMS within silicone elastomers has been observed24.
Due to the common chain structures of the PDMS and silicone elastomers the study of
these systems was advantageous due to ease and compatibility of the components being
studied24.
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2.4

Depth Profiles and Surface Analysis

Many techniques have been employed for the analysis and characterisation of polymer
surfaces, surface layers and interfaces. Two analysis techniques have been widely
utilised recently for the characterisation and depth profiling of surface layers in polymer
coatings, particularly for the analysis of polysiloxanes are, high resolution X-ray
Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion Mass
Spectroscopy (ToF-SIMS)25-33. There are differences in the outputs of each method and
each has its own advantages and disadvantages as will be discussed further.
Optical Spectroscopy methods such as infrared and raman spectroscopy allow a depth
analysis of ~2 µm with low resolution.25,34-36 XPS profiles the outermost 5-10 nm with
sub-nanometre resolution. The use of argon ion sputtering extends the depth range to
several micrometres but ion induced damage limits its use. SIMS has also been utilised
for a depth range of 10 nm to several micrometres.29

2.4.1

High Resolution XPS

High Resolution XPS has been utilised recently by Perruchot et al for the analysis of
coil coating systems based on polyester-melamine and urea formaldehyde-epoxy
mixtures25-27. The cross-linking phenomena and surface segregation of flow agents such
as acrylic polymers, polyester polymers and silicon-modified polymers were studied in
these cases.
Comparing the uncured to the cured polyester-melamine samples, it was found that the
carbon/nitrogen signal ratios decreased for the cured sample. This observation
suggested that more carbon was present at the surface in the uncured samples. The
decrease in the carbon/nitrogen signal ratios for the cured sample resulted from the
trans-etherification reaction, leading to the elimination of methoxy groups from the
HMMM25. The addition of just 0.25 - 0.45 % of a flow additive to the polyestermelamine system resulted in a decrease in the nitrogen concentration at the surface. This
result suggested surface segregation of the flow agents primarily to the air/coating
surface providing a partial masking effect.
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The use of angle-resolved XPS allows for the determination of elemental and chemical
depth profiles of the different species to be observed. Changing the studied
photoemission angle at a given photoelectron energy varies the depth observed within
the sample. At take off angles perpendicular to the sample surface you get information
from the greatest depth and at low glancing angles information from a very shallow
depth within the surface are observed. By varying the observed take off angles of the
photoelectrons, information such as that seen in Figure 2.226 can be derived.

Figure 2.2. Reconstructed elemental depth profiles for the reference clear coat (a) and the
coatings containing acrylic 1 (b), acrylic 2 (c) and silicone-based additives (d).26

The use of angle resolved XPS showed there was a reduction of surface nitrogen in the
top 2 nm and a corresponding increase in the surface carbon and silicon. The silicon
additive was also only seen in the top most 2 nm of the coating. A surface layer
thickness of 1.5 to 2.0 nm was therefore estimated. The silicon concentration was
independent of the peak metal temperatures of 204 ºC, 216 ºC, 232 ºC and 249 ºC,
reached when curing the coating suggesting the surface layers are generated early in the
curing process. It was suggested that the surface layers most likely developed by the
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additives being at the liquid surface and remaining there after the solvent had
evaporated27.
Low angle microtomy in conjunction with XPS has been utilised to observe much
deeper in to a sample and provide surface layer characterisation to depths of several
micrometres (Figure 2.3)28. As angle resolved XPS only characterises the topmost 5 nm
or so, microtomy provided a much deeper cross-section analysis, in this case 20 - 25 µm
to expose a primer/topcoat interface. However this technique is semi-destructive, as the
sample needs to be cut in order to prepare it for analysis.

Figure 2.3. Schematic diagram of the apparatus employed in ultra-lowangle microtomy to impart an ultra-low-angle taper to the sample.28

2.4.2

Time of Flight SIMS

ToF-SIMS has been utilised by many researchers for profiling of polyester and epoxy
based coatings29-33. In most cases ToF-SIMS is performed in conjunction with XPS to
obtain the maximum information from depth profiles of the surfaces. Where as XPS can
be utilised for depth profiling the outermost 5-10 nm of a polymer film, SIMS can be
used over a much wider depth range from 10 nm to several micrometers30. The use of
ToF-SIMS also allows for the detection of functional groups present within a coating.
The identification of the different functional groups assists in the identification of
additives within the coating, segregation layers formed within a coating, as well as the
extent of reactions taking place between the monomers30.
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It has been shown that for very fine surface layers formed as monolayer segregation to
the polymer-air interface are unable to be resolved by ToF-SIMS, though XPS is able to
resolve such fine surface layers32. The improved depth resolution of XPS over ToFSIMS allows for such fine polymer-air interface layers to be analysed.

2.5

Self-cleaning with the use of TiO2

The Honda-Fujishima Effect, first reported in 196937, showed how the presence of TiO2
in water caused the water to decompose to H2 and O2 upon irradiation of the solution by
UV38. This provided the first insight into the photo catalytic effect of TiO2. Bard (1977)
later showed that TiO2 decomposes cyanide in water upon exposure to UV radiation
thereby revealing the photo catalytic effect of TiO2 on organic molecules39.
TiO2 has also been found to provide a hydrophilic surface on irradiation by UV. Only 3
hours (~200 min) exposure to UV was required to reduce the surface contact angle of
water to <1° i.e. the water completely wets the surface (Figure 2.4)40. A contact angle of
<5° is required in order to provide this complete surface wetting effect. An anti fogging
effect is also witnessed at extremely low contact angles, <5°, as water is unable to create
micro-beads of water on surface, that causes the fogging seen on glass surfaces. This
high hydrophilicity is gradually reduced over several hours but is easily regained on
subsequent UV exposure with no loss to the hydrophilic potential of the TiO240-42.
Today these phenomena are combined and applied to the production of ‘self-cleaning’
glass such as Pilkington Activ™, where the photo catalytic nature of TiO2 degrades and
loosens dirt particles and organic species attached to the glass, and the hydrophilic
nature of the TiO2 surface allows water to sheet and wash away the loosened dirt43,44.
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Figure 2.4. Time dependence of the water contact angle in ambient
atmosphere upon UV illumination (a) and in the dark (b). Intensity of UV:
1 mW/cm2.40

In order to prevent degradation of polymers and paint emulsions due to the photo
catalytic nature of TiO2, white pigments based on TiO2 have the oxide encapsulated into
a silica sheath. This protective sheath provides protection for the polymer from
degradation by absorbing the free radicals produced by the exposure of TiO2 to UV
radiation. It is envisaged that a similar process could be utilised to form a hard silica
layer on the polymer surface that then has a TiO2 layer on top so as to protect the
underling polymer coating surface layer.
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TiO2 has also been shown to provide a highly hydrophobic surface when combined with
a low surface energy material (Figure 2.5)45. However this was achieved with a
relatively low concentration of TiO2 so the major influence providing for the super
hydrophobic surface is that of the existing low surface energy surface.

Figure 2.5. Change of water contact angle under UV
illumination for films of varying % of TiO2.45

2.6

Textured Surfaces and Surface Roughness

Surfaces of very high hydrophobicity, also known as ‘super hydrophobicity’, have been
revealed to show low adhesion to contaminating species. In the past it has been shown
that high surface roughness can be used to create a super-hydrophobic surface,
providing an extremely high contact angle >150°. Super-hydrophobic surfaces have
been achieved by a combination of high surface roughness and low surface energy. A
great example of this is the lotus leaf where due to the highly rough surface structure
and the continuous secretion of a wax like substance by the plant, water droplets bead
and run off the leaf surface taking any dirt with them (Figure 2.6)46. This is where the
term the ‘lotus effect’ is derived46,47.
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Figure 2.6. Diagram summarizing the connection between roughening and
self-cleaning. While on smooth surfaces the particles are mainly redistributed
by water (left), they adhere to the droplets surfaces on rough surfaces and are
removed from the leaves when the droplets roll off (right).46

The main characteristic that is required to make a surface super-hydrophobic is nanoand micro-roughness. It is very difficult to achieve a contact angle >120° on an
atomically smooth surface. In order to turn a hydrophobic surface in a superhydrophobic surface the surface must be made with a high degree of surface roughness.
Combining this surface roughness with a hydrophobic material (low surface energy
material) provides the most hydrophobic surfaces.

2.6.1

Plasma Modified Surfaces

A method utilised to impart roughness to surfaces that has gained recent coverage is the
use of a high energy plasma. Nano-textured PDMS surfaces have been created by the
use of microwave plasma enhanced chemical vapour deposition (CVD)48, plasma
treatment utilising SF649,50, CF451 or O252-54 gases, and there have even been diamondlike carbon coatings formed using a filtered pulsed arc discharge (FPAD) plasma
system55.
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The use of O2 plasma has been shown to create textured surfaces with low static water
contact angle. When these roughened surfaces have subsequently been coated by a 10
nm film of a Teflon-like material, the surfaces show a highly hydrophobic water contact
angle53. The contact angle seen for such surfaces rises from 112° for a flat Teflon
surface to upwards of 130° for the textured surface.
Fluorinated surfaces are also created by the use of SF6 or CF4 plasma. Tserepi et al49,50
have demonstrated the use of SF6 plasma to grow column like features onto the surface
of PDMS which appear to grow larger, quite linearly with increasing plasma treatment
time growing from approximately 2 µm after 5 minutes up to approximately 6 µm
following 15 minutes of plasma treatment. The surfaces that Tserepi et al have produced
show contact angles of approximately 150° with very low hysteresis. It was
subsequently shown by Vlachopoulou et al49,50 that the surfaces formed by the use of
SF6 plasma varied greatly depending on the solvent used to assist spin coating of the
PDMS thin films.

2.6.2

UV/Ozone surface treatment

In recent times, the use of UV/ozone to convert siloxane polymers like PDMS to silicon
oxide has been studied56,57. The process of the UV/ozone reaction occurs by the
atmospheric oxygen forming ozone in the presence of UV lamps of 185 nm wavelength.
This ozone then dissociates on exposure to 254 nm wavelength light back to molecular
oxygen plus atomic oxygen. It is this atomic oxygen that reacts with the siloxane
polymer, forming radical species that remove the organic portions of the polymer, thus
leaving behind a layer of silicon oxides (SiOx) containing residual carbon.
The use of XPS analysis of the surfaces formed by UV/ozone exposure has been studied
by Ouyang et al56 and confirmed the conversion of the siloxane to SiOx and an increase
in the SiOx content in the surface over a two hour exposure period. More recently, the
work of Oláh et al58 has studied the hydrophobic recovery of the SiOx surfaces that are
produced from the exposure of siloxanes to UV/ozone, finding that the water contact
angle of the surfaces increased over time back towards that of an untreated PDMS
surface. It was also observed that the elastic modulus of the siloxane surface increased
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on the formation of the SiOx surface layer yet stayed constant over the same
hydrophobic recovery period. These results combined suggest that a permanent SiOx
layer is formed which undergoes a gradual reorganisation of the polar groups and
diffusion of the free siloxanes around the hardened scaffold type structure of the SiOx
that has formed.

2.6.3

Fractal Surfaces

Fractal surfaces are one example that provides high surface roughness (Figure 2.7)59.
Alkyl ketene dimer (AKD) fractal surfaces have been shown to provide the surface with
a maximum water contact angle of 174°. This was achieved without the use of a fluoro
treated surface. AKD spontaneously forms a fractal surface on solidification from a melt
(Figure 2.8)59,60.

Figure 2.7. Surface SEM images of a super water-repellent AKD surface at different
magnification. The AKD was solidified in a dry N2 gas atmosphere at room temperature and left
standing for curing under the same conditions for 3 days.59
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Figure 2.8. SEM images of the fractal AKD surface: (left) top view, (right) cross section.59,60

The surface roughness of the AKD surface was found to increase over time, with the
water contact angle becoming >170° after 3 days. Conversely a flat AKD surface was
measured to give a 109° water contact angle in comparison to the fractal surface (Figure
2.9)60. An interesting observation was that by adding 1,4-dioxane to the water, at
various ratios, to alter the surface tension of the liquid, the difference between the water
and 1,4-dioxane contact angles becomes dramatically greater for the fractal surface
compared to that for the flat surface. This difference between the roughened surface and
the flat surface is due to the surface area magnification factor associated with fractal
surfaces59.

Figure 2.9. Water droplet on AKD sufaces: (left) fractal AKD surface (θf = 174º); (right) flat
AKD surface (θ = 109º). The diameter of the droplets is about 2 mm.60
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2.6.4

Contact Angles

The importance of measuring both advancing and receding contact angles to determine
the hysteresis in the contact angle measurement has been discussed61,62. Surfaces of high
surface roughness and low surface energy have been shown to produce advancing and
receding contact angles within a few degrees of each other, i.e. low hysteresis.
Conversely low surface energy ‘flat’ surfaces show increased hysteresis in some cases
producing hydrophobic contact angles on advancing, but hydrophilic contact angles on
receding.
Some examples of contact angles measured for surfaces of low surface energy and high
surface roughness are61:
•

Plasma-polymerised HFBA on smooth PET gave contact angles of 174° and
173° (advancing/receding)

•

Plasma-etched polypropylene gave contact angles of 172° and 169°

•

Spherical PTFE particles gave contact angles of 177° and 177°

It has also been argued that it is important to observe the sliding or rolling angle of a
water droplet on the surface. The sliding angle is defined as the angle of incline at
which a beaded water droplet starts to slide, or roll off, the surface (Figure 2.10a. and
2.10b.)63,64.
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Figure 2.10. A drop on a rough surface: (a) the contact angle, θ; (b)
the roll-off angle, α; (c) the homogeneous wetting regime; (d) the
heterogeneous wetting regime.63

The work by Wenzel65,66 looked at the effect of surface roughness on the water contact
angle produced on the surface of various treated materials. He postulated that there is a
magnifying effect on the wetting properties of a solid when the surface is roughened, in
that, if a surface has a positive wetting tendency, then by roughening the surface, this
effect will be increased as a result of an increased surface area (Figure 2.10c.).
Conversely, if the surface has non-wetting ability, this effect will become stronger when
the surface is roughened. In effect, the increase in surface area due to the surface
roughness amplifies the hydrophobic nature of the material. Therefore the surface
roughness factor r is the key parameter controlling the contact angle θ* as defined by
equation (1) where θ is the Young contact angle.67
cos θ* = r cos θ

(1)
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The later work of Cassie and Baxter68,69 looked at the wetting and non-wetting of
porous surfaces. They suggested that when a water droplet rests on a roughened surface
under zero hydrostatic pressure, then pockets of a positive air pressure would exist
between the roughened asperities, supporting the droplet (Figure 2.10d.). Thus the
liquid only contacts the surface through the tops of the asperities of the roughened
surface with a fraction denoted by ϕs where the greater the air fraction is below the
droplet, the smaller the value is for ϕs. The contact angle on such surfaces is therefore
represented by an average of the contact angle of the surface, and the contact angle with
air as defined by equation (2).67
cos θ* = ─ 1 + ϕs (cos θ + 1)

(2)

The work of Wenzel did not account for the air pockets between the asperities and
focused on fully wetting the solid/liquid interface thus magnifying the wetting or nonwetting properties compared to a comparable flat surface65. Both the Wenzel and Cassie
states have real world scenarios (Figure 2.11)67 so neither is discredited, however
Cassie’s theories do allow for both situations to occur.

Figure 2.11. Millimetric water drops (of the same volume) deposited on a superhydrophobic substrate consisting of dilute pillars. (a) The right drop has been pressed,
which induced a Wenzel state, characterized by a smaller angle. The light passes below the
left drop, indicating a Cassie state. (b) Ten minutes later, the drop volumes have decreased,
owing to evaporation, and angles became receding ones. The difference of hysteresis
between both states is clearly visible: the Wenzel drop even became hydrophilic.67

In the simplest terms, Wenzel surfaces are fully wetting around asperities and are often
referred to as ‘sticky’ and show high contact angle hysteresis and subsequently, also a
high tilt sliding angle. Cassie-Baxter type surfaces allow pockets of air to form between
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asperities below the contact liquid and are sometimes referred to as ‘slippery’ as they
show a low contact angle hysteresis and low sliding angle49,70-72.

2.6.5

Surface Roughness and Adhesion

It has been shown by Fuller and Tabor that the roughness of a surface has a significant
effect on the adhesion of elastic solids73. They applied Johnson, Kendall and Roberts’s
(JKR)74 theory for the adhesion of elastic solids, to that of roughened surfaces. It was
found that the adhesion between rubber spheres and poly methyl methacrylate (PMMA)
surfaces was greatly reduced by increasing the PMMA roughness. In the same article
they also suggest that there is a relationship between adhesion and modulus. Increasing
the modulus increases the effect of surface roughening on the adhesion, i.e. the higher
the modulus, the lower the adhesion.
Recently there have been have been an increased volume of published material on the
study of the adhesion imparted by a roughened and textured surface, particularly about
adhesion on a rough surface. In 2002 Autumn et al reported on the van der Waals
adhesion that is imparted by the setae of the Tokay gecko75 following the early work of
Hiller in the late 60s76. It was later reported77 that the same Tokay gecko setae also had
a self-cleaning nature towards micro-spherical particles, supposedly produced by the
roughness of the spatulae surface on the tip of each seta. It was suggested that it was
energetically more favourable for the particles to be adhered to the surface on which the
gecko was walking then to the setae themselves77.
In recent literature there have also been many examples of studies performed on the
adhesion of particles to rough surfaces, discussing factors ranging from shape, size and
structure of the asperities78-80 to the role that van der Waals forces play in the
adhesion77,81. The work of Delrio et al81 shows that even with micromachining of
surfaces with various sizes of asperities, van der Waals dispersion forces cannot be
completely eliminated, though they can be reduced by orders of magnitude by reducing
down to nanometre levels of surface roughness. It is believed that micromachining
allows the surfaces to approach more closely, hence increasing the van der Waals
attraction between the surfaces.
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The work carried out by Jin et al82,83 has shown that cross-linked PDMS surfaces can be
produced with very high water contact angles (>150°) and sliding angles of less than
10° by the use of laser etching to produce well defined pillar structures on the surface.
By the use of a micro-electromechanical balance system they were able to measure the
adhesive force of water droplets to the surface of the laser etched PDMS surfaces. On
loading and unloading of a 5 mg water droplet to the surfaces they found was that as the
surface roughness increased, the adhesive force of the water to the surface decreased
greatly.

2.7

Surface Hardening

The work of Fuller and Tabor on surface roughening73 also briefly addressed the effects
of modulus on adhesion of rubber spheres. Increasing the modulus increases the effect
of surface roughening on the adhesion, i.e. the higher the modulus, the lower the
adhesion. If the contamination and particulate matter cannot embed into the surface, as
they do with a soft polyester / melamine polymer surface, then the contamination
becomes far easier to remove. If a low surface energy could be combined with this then
it is probable that a hard non-stick surface can be created84.
The challenge in this approach does not lie in the forming of the hard surface, as this
can be done, and is currently done, by a secondary hard overcoat such as colloidal silica
or a poly-acrylic topcoat. The real challenge lies in the formation of a surfacesegregating additive that would diffuse to the surface of the paint to subsequently react
to form a hard, low surface energy, ‘crust’ on the surface.
One possible avenue to create the surface diffusion is the use of low-density hollow
silica micro-spheres. TDK have developed a multi layer coating system for DVDs and
LCD displays in which silica micro-spheres of 50 µm diameter were used in
conjunction with spin coated fluoro-resins to produce a hard clean surface85. Conversely
the hard silica micro-spheres could also be modified with a surface active species such
as poly-siloxane or PTFE, similar to what has been achieved previously on roughened
glass surfaces, to produce a transparent super-hydrophobic surface86. The modification
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to the surface of the micro-spheres may assist in carrying the hardening additive to the
surface where it can best provide a benefit to the coating.
The presence of the micro-spheres may also create a degree of roughening to the surface.
With the addition of a silane-modified species such as a siloxane, a long-chain
hydrocarbon or a fluorinated species, to the surface of the micro-spheres, a secondary
level of surface roughening could be created to form a lotus like surface.
The use of glow discharge polymerisation was utilised by Chen et al87 in 1982 to
develop surface hardening in polyethylene, polycarbonate and polytetrafluoroethylene
(PTFE). The use of a tetramethylsilane (TMS)-oxygen mixture to deposit thin films
onto polymer surfaces demonstrated that thin films could also be utilised to improve the
surface hardness of certain polymers. The surface hardness was shown to be improved
utilising the correct ratios of TMS-oxygen for the polymerisation and adhesion of the
thin film to the polymer substrates was shown to be good.

2.8

Conclusion

This review looks at the effect of surface modification on the wettability of a polymerair interface by surface roughness along with the subsequent adhesion and surface
hardness characteristics associated with the preparation of roughened surfaces.
Techniques that may well be useful for obtaining the required surface structure have
also been addressed along with an outline of several methods for analysing and
characterising the polymer surface modifications. These modifications to the coating
surface may well be useful in providing a self-cleaning effect to reduce a contamination
build-up that occurs on pre-painted steel panels upon exposure to the elements.
These modified surfaces could be studied and observed using a range of techniques in
an attempt to correlate various modification methods of the coated surfaces to their dirt
shedding ability. By studying these surface modification methods and analysing their
effects it is hoped a better understanding of the forces that both assist and deter the
adhesion of these contaminating particles and species to the coated surfaces.
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3.1

General Analysis Techniques

3.1.1

SEM Analyses

3.1.1.1

Extracted Contamination samples

All extracted samples were mounted on aluminium stubs using conductive carbon tape
and subsequently carbon coated unless otherwise specified. Samples were then stored in
a desiccator until required for SEM analysis. SEM analysis was conducted using a Leica
Stereoscan 440 scanning electron microscope (Leica Cambridge Ltd., Cambridge,
England).

3.1.1.2

Polyester-Melamine Surfaces

Circular samples 10 mm in diameter were punched out of the coated aluminium panels
and mounted on sample stubs, sputter-coated with gold, then stored in a desiccator until
required for SEM analysis. SEM analysis was conducted using a Leica Stereoscan 440
scanning electron microscope (Leica Cambridge Ltd., Cambridge, England).

3.1.1.3

Hollow Silica Microspheres

Samples of the hollow silica microspheres were prepared by scattering the microspheres
onto conductive carbon tape, sputter-coating with gold and storing the prepared samples
in a desiccator until required for SEM analysis. SEM analysis was conducted using a
Leica Stereoscan 440 scanning electron microscope (Leica Cambridge Ltd., Cambridge,
England).
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3.1.2

SEM/EDS:

Light element (Energy Dispersive Spectroscopy) EDS was also performed on various
SEM samples to determine the elements present. The EDS unit is present as an
attachment to the Leica Stereoscan 440 scanning electron microscope (Leica Cambridge
Ltd., Cambridge, England).

3.1.3

Gas Chromatography / Mass Spectrometry (GC-MS):

Analyses of the soluble contaminating species were performed in electron impact mode
(EI, 70 eV) with a Shimadzu QP5000 system, using Helium as the carrier gas and a BP1
fused-silica capillary column supplied by SGE, Australia (30 m × 0.32 mm i.d., 0.25 µm
film thickness). 0.5 µL of tetrahydrofuran (THF) containing the soluble components
was injected via a split injector (at a split ratio of 20:1) onto the Gas Chromatograph
column. The temperature profile of the oven was heating from 40 °C to 280 °C at a rate
of 4 °C per minute.
Samples were also analysed via direct insertion (DI) probe into the Quadrupole Mass
Spectrometer where described. A small sample of the THF containing the soluble
components was added to a DI probe tip crucible. The solvent was evaporated from the
samples and the residue inserted into the mass spectrometer for analysis. The sample
was volatalised by heating the chamber from 40 °C to 250 °C at 40 °C per minute.
The author is indebted to Dr John Korth of University of Wollongong, Department of
Chemistry for his assistance in the running and interpretation of the GC-MS analyses.

3.1.4

Glow Discharge - Optical Emission Spectroscopy (GDOES)

The GDOES analyses were performed using a Jobin-Yvon YJ 50 GDS instrument. A 50
Watt radio frequency glow discharge plasma source was operated for a run time of 10
seconds. The detector followed the relative abundances of silicon, carbon and
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aluminium during the 10 second run time. Complete removal of the coating is indicated
by a sudden increase in the aluminium signal due to the substrate.
The author is indebted to Ms Andonia McCulloch of BlueScope Steel Research for
performing the GDOES analyses.

3.1.5

Contact Angle Measurement

Unless otherwise mentioned, all contact angles for water and di-iodomethane were
measured at room temperature. Droplets of 3 µL of the test liquid were placed on the
surface of the samples and an equilibrium contact angle observed using a Ramé Hart
Model 100-00 NRL Contact Angle Goniometer (Ramé Hart, Mt Lakes, NJ, USA). All
measurements were made in triplicate to test coating uniformity, and an average
obtained.
Alternatively, where mentioned, water contact angle measurements were carried out
using a DataPhysics OCA-series contact angle analyser. Droplets of 2 µL of Milli-Q
water were dropped onto the surface of the sample to be analysed and an equilibrium
contact angle recorded. The dropping syringe was then lowered into contact with the
droplet and a cycle of 2 µL of Milli-Q water was added and retracted from to the droplet.
This process was conducted to determine advancing and receding contact angles.

3.1.6

Surface Energy Measurement

Surface energies were calculated from two-liquid equilibrium contact angle
measurements, obtained as described above. Contact angles for water and diiodomethane were measured at room temperature, from which the polar (γsp) and
dispersive (γsd) components of the surface energies were calculated using a Geometric
Mean relationship88,89. The total surface energy was then the sum of γsp and γsd.
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3.1.7

Carbon Slurry Dirt Test

A slurry of activated carbon and water was prepared by mixing three parts water to one
part activated carbon, measured by weight, and mixed to a paste-like consistency. The
slurry was applied to the painted surface of 40 mm × 50 mm rectangular cut sections in
order to cover a roughly 30 mm diameter area. The samples were then placed into an 80
°C oven for 30 minutes in order to dry the activated carbon. Once dry the excess
activated carbon was removed by tapping the edge of the sample. The samples were
then washed under running water with light brushing using a soft bristled paintbrush.
Variations in the levels of residual carbon were determined by spectrophotometer. A
Datacolor SpectraFlash model SF300 visible spectrophotometer was used to measure
Hunter ∆L* values for each contaminated sample. The contaminated samples were
referenced against an uncontaminated sample of the relevant coating in order to
determine ∆L* where ∆L* = L*sample – L*reference.

3.1.8

Particle Adhesion Measurement

Circular discs 10 mm in diameter, punched out of the relevant samples, were used for
pull-off force analysis. The adhesion of particles to the surface of the plasma modified
thin films was measured by the use of a dedicated force rig as described by Toikka et al2
and adapted for the use with polyester-melamine surfaces by Lukey et al3. The
apparatus is based upon the Atomic Force Microscope (AFM) and is constructed and
controlled such that a single point of contact can be made between a particle attached to
an AFM cantilever and the sample surface for a known time before removal and
measurement of the pull-off force. Using poly(methylmethacrylate) (PMMA) a zirconia
sphere is glued to a high spring constant (typically 40 N/m) AFM imaging cantilever,
which is clamped to a displacement arm attached to a precision rail. The vertical
position of the displacement arm is governed by a piezoelectric crystal-controlled
inchworm (Burleigh, Fishers, NY, USA). Cantilever deflection is detected by reflecting
the output of a focusable solid-state laser (Edmund Scientific, 1 mW, λ = 670 nm,
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Edmund Scientific, Barrington, NJ, USA) from the back of the cantilever onto a 4segment position-sensing device (PSD), similar to the detector systems of many
commercial AFM instruments. Thus, a change in cantilever deflection is recorded as a
detector voltage change. The conversion between detector voltage change and force is
given by Equation (3) where Fp is the pull-off force, divided by particle radius, ∆V is
the detector voltage change during pull-off, k is the cantilever spring constant, C is the
compliance factor and r is the particle radius. Zirconia particles of 35-40 µm in diameter
were used for these experiments. The compliance factor, C, provides the conversion
between detector voltage and cantilever displacement. C is obtained by measuring the
slope obtained when the pull-off experiment is conducted using a flat, noncompliant,
nonadherent surface such as aluminium or silicon wafer. For the cantilevers used in this
analysis, the value for C typically averaged 7.5 × 10-4 V/nm. Displacement is then
converted to force using the cantilever spring constant, k.
Fp = k∆V/Cr

(3)

According to the theory of contact mechanics developed by Johnson et al.74,90 the
applied load does not impact on the pull-off force. The adhesion force apparatus used in
this work is not able to measure the applied load, and it is, therefore, probable that every
contact experiment involves a different applied load. The reproducibility of the pull-off
force measurements, however, is good, suggesting that the applied load is unimportant,
consistent with the contact mechanics theory developed by Johnson, Kendall, and
Roberts74.

3.1.9

Atomic Force Microscopy – Roughness Measurement

Circular discs 10 mm in diameter, punched out of the relevant samples, were used for
AFM analysis. A Digital Instruments Multimode AFM with a Nanoscope IIIa controller
was utilised to perform surface topography and roughness measurements. A 30 µm
square region of each tested sample was analysed in contact mode using a silicon nitride
contact mode tip. Roughness measurements were recorded as both Ra (arithmetic
average of absolute values) and RMS (root mean squared average) measurements.

31

Chapter 3: Experimental Procedures

The author is indebted to Mr Greg Tillman of University of Wollongong, School of
Mechanical, Materials and Mechatronic Engineering for his assistance and training in
the operation of the AFM instrument as well as interpretation of the results.
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3.2

Sample Preparation Methods

3.2.1

Modification of Silica Microspheres

Hollow bore-silica spheres of 11 µm and 18 µm diameter were obtained from G. Kisker
GbR, Steinfurt, Germany, and air oven dried at 130 °C prior to use. The octadecyl
trichlorosilane obtained from Sigma-Aldrich, Castle Hill, Australia and the
1H,1H,2H,2H-perfluorodecyl trichlorosilane obtained from ABCR GmbH & Co. KG,
Karlsruhe, Germany, were used as received.
Silica microspheres were modified by chemically grafting silanes according to a method
adapted from Brandiss and Margel91 and also Hansen et al92. Silica microspheres (200
mg) were added to 50 mL dry toluene in an oven dried round bottom flask and placed in
an ultrasonic bath for 10 minutes to disperse the spheres. The appropriate silane (0.2 mL)
was added and the resulting solution mixture was stirred for 18 hours under a nitrogen
atmosphere at room temperature, after which time the spheres were filtered out of
solution and washed twice with toluene and twice with acetone to remove any silane not
bonded to the spheres. The filtered spheres were then oven dried at 130 °C and stored in
a desiccator for future use.

3.2.2

Modification of Silica Nanospheres

Silica nanospheres of 20-30 nm diameters presented as a ~48 % suspension in water,
were obtained from G. Kisker GbR, Steinfurt, Germany, and used as received. The
various silanes were obtained from Sigma-Aldrich, Castle Hill, Australia or from ABCR
GmbH & Co. KG, Karlsruhe, Germany, and were used as received.
Silica nanospheres were modified by chemically grafting silanes to the surface of silica
nanospheres. Firstly a solution of the respective trimethoxysilane was prepared by
combining 5 mmol of the silane to 1 mL of 10 % acetic acid solution in a silane treated
round bottom flask, under an inert atmosphere. This solution was then stirred for 20
minutes before adding 1 mL of the 48 % silica nanosphere solution and the resulting
solution continued to be stirred under nitrogen for a further 4 hours.
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Surfaces formed by the modified silica nanospheres were prepared by adding 1 mL of
iso-propanol to the resulting silicon nanosphere solutions. The resulting solution was
then coated by flowing the solution down the surface three times to build up a uniform
coating onto a 40 mm × 50 mm polyester-melamine surface (coloured ‘surf-mist’),
prepared as described in section 3.2.3. The coated sample was then placed into a 130 °C
oven to dry for 30 minutes before storing in a desiccator prior to analysis.

3.2.3

Preparation of Polyester-Melamine Surfaces

The model polyester-melamine coating used throughout this investigation was a
commercial coating formulation consisting of a hydroxy-functional polyester dissolved
in a hydrocarbon solvent, crosslinked by heat-initiated acid catalysis with a melamine
formaldehyde crosslinker. The various additives tested were used as received and added
to the uncured polyester-melamine coating formulation at the desired levels as a
percentage by weight of solids. The formulations were coated onto aluminium panels
using a #28 stainless steel drawdown bar, and then baked in a ventilated air oven at 300
°C until a Peak Metal Temperature, or PMT, of 230 °C was reached. The panel was then
quenched in water and air dried. A nominal dry coating thickness of 18 µm was
achieved.

3.2.4

Oxygen Plasma Treatment of Prepared Surfaces

A South Bay Technology PC2000 Plasma cleaner was used to modify the surface layer
of the thin films. Rectangular samples 30 mm x 40 mm of the examined coatings on
aluminium were placed in the plasma vacuum chamber. The chamber pressure was
reduced and a low pressure of oxygen was introduced into the chamber. A plasma
power of 10, 20, 70 or 140 Watts was applied for a period of 1, 2, 5 or 10 minutes.
The author is indebted to Professor Paul Munroe, Director, University of New South
Wales Electron Microscopy Unit for permission to use their plasma cleaner.
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3.3

Contamination Sample Collection Methods

3.3.1

Polyester Coated Panels

Several aluminium panels were coated with a thin layer of uncrosslinked polyester resin.
The polyester was coated onto aluminium panels using a #36 stainless steel drawdown
bar and then baked in a ventilated air oven at 300 °C until a Peak Metal Temperature, or
PMT, of 230 °C was reached, quenched in water and air dried. The use of uncrosslinked
polyester resin allowed the particles to better adhere to this polyester resin, but at the
same time, the resin could be later washed off the aluminium panel in order to extract
the particles from the collection surface. These panels were subjected to outdoor
weathering exposure, in Singapore, for 1 week, 1 month, 6 months and 12 months. At
the end of each exposure period designated panels were removed from the exposure site
for analysis.
In order to view the raw collected material, 10 mm discs were punched out of the panels.
These samples were mounted onto sample stubs, carbon sputter coated and viewed
using SEM. Light element EDS was utilised to determine which elements were present
in the contaminating matter.
The insoluble components of the contamination were collected by washing off the
coated surface by the use of various solvents (terahydrofuran (THF), 70/30 – methylene
dichloride/methanol, acetone or toluene). The insoluble components were then filtered
from resulting solution, in order to isolate the contamination. These samples were
washed several times with more of the corresponding solvent (10 mL x 3), air oven
dried at 110 °C and then adhered to conductive carbon tape on a sample stub. The
samples were then carbon coated and analysed by SEM and light element EDS.
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3.3.2

Exposed Masking Tape:

Steel panels were prepared by cutting a section of 65 mm × 160 mm out of the centre of
each panel and replacing this cut section with masking tape. These panels were exposed
to outdoor weathering at the same time as the coated panels, in Singapore, with the
adhesive side of the masking tape exposed to the elements for periods of 1 week, 1
month and 6 months.

3.3.3

Glass Wool Filtration:

A sample of clean, dry, glass wool was placed in a funnel. The funnel was placed out in
the open, in the same area as the outdoor exposure panels, to collect rainfall. The
rainwater collected in the funnel was filtered through the glass wool, with the glass
wool picking up the organic materials.
The glass wool samples were soaked separately in 20 mL THF and 20 mL toluene in
order to remove the solvent-soluble components from the glass wool fibres. The
solutions were filtered, separating the soluble and insoluble components. The solute was
concentrated down to 1 mL by evaporating off excess solvent and analysed by GC-MS.
The insoluble, filtered components were washed and dried then applied to a sample stub,
carbon coated and analysed by SEM and light element EDS.
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4.1

Introduction

Manufacturers of pre-painted steel sheeting face a major cosmetic issue in the form of
discolouration to the final painted panels, when exposed to the elements, due to
atmospheric contaminants and pollutants. This phenomenon is particularly noticeable
on external roofing and panelling of lighter colours. The build up and staining of the
painted surface that is seen is also known as Tropical Discoloration (TD) as it is most
prevalent in tropical areas such as Malaysia, Thailand, Indonesia and Singapore where a
combination of high temperatures, high humidity and pollution assist the TD process to
occur.
The objective of this study is to determine the nature of the dirt particles that
contaminate the surfaces of pre-painted metallic panels in tropical climates causing TD.
The hope is that this will aid in gaining further insight into various ways and techniques
to prevent the discolouration from occurring via prevention of the contaminating species
from depositing and embedding in the surface of the coating.
As yet the exact nature of the pollutants responsible for tropical discolouration of the
coated panels is unknown and it has previously been assumed that the contaminants are
carbonaceous particulates (eg atmospheric ash particles or industrial fallout). Much of
the research effort to date has been focussed on the determination of the nature of the
adhesion of glass and zirconia spheres to the paint surface. This research was designed
to better understand the adhesion between such particles and the polyester paint surface
to which they were adhered, by measuring the pull-off force of the particles from the
polymer surface and hence determine the adhesion between the particles and surface1,3.
Investigating the nature of the dirt particles will increase the understanding of their
chemistry and morphology in order to best determine how to prevent the particles from
becoming adhered to the painted surface, since the nature of the contamination that
forms on the surfaces of the coated panels is as yet unknown. In addition, an
investigation into the nature of the contamination would determine whether the force rig
experiment using a zirconia sphere attached to a cantilever is sufficiently representative
of genuine contamination.
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The growth and development of micro- and nano-analytical techniques has greatly
assisted the investigations into environmental particulate contamination. As such there
have been several investigations undertaken to better characterise various particulates
originating from exhaust gases (both industrial and vehicular), soot and the burning of
biomass.
Methodology for the collection and characterisation of particulates in the atmosphere
has also developed recently with the growth of interest in nanotechnology and
nanomaterials. Evidence continues to grow that ultra fine particulates can be far more
toxic than expected, and hence pose a considerable public health risk. As such many
collection and investigation techniques have been developed in recent years in order to
collect and subsequently analyse individual particles4-7.
Single particle analysis involves the deposition of particles onto a collecting substrate,
followed by the analysis of individual particles using microanalytical techniques. Two
requirements must be met for single particle analysis: the applied technique must have
sufficient spatial resolution to differentiate a single particle from a group and it must
have sufficient sensitivity to detect at least major components of the particle’s
composition. Various microanalytical techniques entailing the use of electron
microscopes and microprobes, as well as laser, optical, scanning probe and ion
microprobes, often fulfill these requirements5,8,9.
For this study Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
Spectroscopy (EDS) was used. The use of Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) combined with X-ray microanalytical
techniques has been widely utilised for this type of investigation. These techniques were
used in order to investigate the microstructure of the particulate deposits, as well as the
elemental composition of the individual particles.
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4.2

Results and Discussion

4.2.1

Coated Aluminium Panels

Aluminium panels coated with a film of uncrosslinked polyester were exposed to
rainfall and atmospheric contamination in Singapore over a period of 12 months. The
SEM analyses revealed several interesting features. The most notable observations that
were made were the speed and level of the contamination build up over time, the
microstructure of the raw contaminating particles on the surface and the clumping and
aggregation that was evident in the samples in which the contamination was extracted
from the collection surfaces. All of these features will be discussed individually.

4.2.1.1

Build up over Time

Figures 4.1 and 4.2 show SEM images of uncrosslinked polyester-coated aluminium
panels exposed to contaminated atmosphere in Singapore for 1 week, 1 month, 6
months and 12 months, and show the progressive build up of the atmospheric and rainborne contaminants.
The contamination observed after 1 weeks exposure (Figures 4.1a and 4.2a) was quite
sparse though some discolouration of the coated panels was observed. Figures 4.1b and
4.2b show the extent of contaminant build-up in 1 month of exposure. After 6 months
(Figures 4.1c and 4.2c) it can be seen that the contamination levels are extremely high.
After 12 months exposure (Figures 4.1d and 4.2d), however, the amount of
contamination on the surface has unexpectedly reduced.
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a

b

c

d
Figure 4.1: SEM images of (a) 1 week, (b) 1 month, (c) 6 month and (d) 12 month
contamination build up on the polyester coated aluminium panels.

This reduction in the amount of contamination after 12 months is believed to be due to
the uncrosslinked polyester coating gradually wearing away from the surface. As the
coating becomes degraded over time, the contamination, on one hand, becomes
removed along with the coating, and on the other hand, the amount of the sticky
polyester coating that is present for more contamination to adhere to has reduced. The
degradation of the coating surface is believed to be due to the lack of any inherent
degradation resistance as there is no crosslinker present in the coating.
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a
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d
Figure 4.2: Higher magnification SEM images of (a) 1 week, (b) 1 month, (c) 6 month and
(d) 12 month contamination build up on the polyester coated aluminium panels.

Figure 4.3 in comparison, shows a COLORBOND® sample that had previously been
subjected to a similar outdoor exposure test for 6 months. It too shows a high level of
contamination build up which is seen to be morphologically quite similar to that which

was found on the uncrosslinked polyester coated panels. The coating underneath the
contamination though appears quite different due to the fact that it contains all the
additives, colourants and pigments present in a commercial coating of this nature.
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a

b
Figure 4.3: Comparative SEM images of a COLORBOND® sample also subjected to 6
months outdoor exposure testing showing the same 2 levels of magnification as Figures 4.1
and 4.2.

4.2.1.2

Morphology

Another question to be addressed is the nature of the morphology
morphology of the contamination.

Figure 4.4 shows the contamination that was found to build up in the uncrosslinked
polyester coated surfaces. The majority of the contamination was dirt or dust like with
particle sizes between 1 and 10 µm. The bulk of the particles
icles were found to be 2-3 µm
in size. All of these images were from the uncrosslinked polyester samples, exposed in
Singapore for 6 and 12 months.
The morphology of the particulate matter found to contaminate the surface was found to
be consistent with those previously seen by Laskin et al8,9,93 for silicon containing
species found during time resolved aerosol collection. Subsequent SEM/EDX analysis
performed by Laskin et al[8] revealed that the particulates also contained oxygen,
sodium, magnesium and sulphur.

Recent studies have revealed the presence of ‘tar-balls’ in the atmosphere, particularly
over industrialised areas of Europe and India where they were found with reasonable
consistency, and also in areas of Africa following high levels of biomass burning8,16,17.
With the collection of contamination taking place in Singapore it was thought that some
of these ‘tar balls’ may have been found to be present in the contaminating matter. As is
apparent in Figures 4.4 and 4.5 ‘tar-ball’ like particles were not discovered amongst the
contamination, however, some spherical particles were seen.
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Figure 4.5 shows a comparison between the particles found on the COLORBOND®
sample with those found on the uncrosslinked polyester test sample after 6 months
outdoor exposure. It can be seen that the morphology of most of the contamination
particles is similar in nature though the underlying surface of the COLORBOND®
appears vastly different in nature to that of the uncrosslinked polyester coating, as

reported earlier in the chapter.

a

b

c

d
Figure 4.4: SEM images of 6 month (a, b and c) and 12 month (d) contaminated
uncrosslinked polyester surface samples showing the morphology of the contamination
particles.
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a

b
Figure 4.5: SEM images showing a comparison between a COLORBOND® sample (a)
and an uncrosslinked polyester coating sample (b) exposed for 6 months to outdoor
weathering.

4.2.1.3

Extracted contamination

Extracting the insoluble components from a suspension of the contamination material
washed off the surface aluminium panel, along with the dissolved polyester coating
revealed more information about the contamination. It can be seen from Figure 4.6 that
removal of the polyester from the contaminants was difficult. It was found that the
filtered samples had to be washed several times with copious amounts of solvent,

resulting in removal of the polyester from the surface of the particles as seen in Figures
4.7 and 4.8.

a

b
Figure 4.6: SEM images of particles extracted from a polyester coating with insufficient
washing. The remains of the polyester are clearly evident.
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d
Figure 4.7: SEM images at various degrees of magnification, showing particles extracted
from a polyester coating with THF.

It can also be seen in Figure 4.7 that the size of the particles extracted from the polyester
with THF appear to be far greater than that of the samples viewed ‘as received’ with the
particles still adhered to the polyester coating. The size range observed indicates
aggregation between the particles, whereby adhesion between the individual particles
occurs, creating larger aggregates. These aggregates, however, still showed a similar
morphology to the smaller particles, but on a larger scale.
Figure 4.8 shows differences in the size of these aggregates depending on the solvent
system used to wash the contamination off the polyester coated aluminium surface. The
dichloromethane sample produced rather large aggregates in the order of 100-200 µm.
There are many aggregates in the 100 µm vicinity with the acetone washed sample, but
there are also a large number of particles smaller than 100 µm present. The THF washed
samples seem to be more finely dispersed than the other aggregates, but still have a
majority of the particles in the 10-20 µm size range and a few larger aggregates, all of
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which are larger than the particles observed on the polyester surface (Figures 4.1 – 4.5).
The toluene washed samples seem to also reveal large aggregates the order of 100-200

µm.

a

b

c

d
Figure 4.8: SEM images of particles extracted from a polyester coating having weathered
for 6 months. Extracted with (a) CH2Cl2/methanol, (b) acetone, (c) THF and (d) toluene.

The size and aggregation of the particles seen in Figure 4.8 suggests that the
contaminant particles must be hydrophilic to some extent, as the particles appear to be
more compatible with the polar solvents than with the non-polar solvents. This is as
expected, as the particles come from rainfall there
there is a chance the particles have been
oxidised to some degree in the presence of water from the rain droplets and oxygen
from the atmosphere.
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4.2.1.4

SEM-EDS Results

The samples of the atmospheric contamination were also analysed by SEM-EDS in
order to determine the major elements incorporated into the contamination. Samples
were analysed both in their raw state and in an isolated form. The raw samples were
analysed as received with the contamination still bound to the surface though sputter
coated with a fine carbon layer, whereas for the isolated samples the contamination had
been separated from the collecting media. Carbon sputter coating was preferred over
gold, despite the presence of carbon in the samples, in order to maximise the signals
from the dispersed electrons, since gold absorbs more of the dispersed electrons than
carbon.
Both the raw and the extracted samples showed similar results with a majority of the
particles containing mostly carbon or silicon. Calcium, potassium, sodium and chlorine
were also found to be present to at low levels, most likely due to the proximity of the
weathering site to the ocean and consequent exposure to ocean breezes. Figure 4.9
shows the calcium, potassium, sodium and chlorine present on EDS analyses (a) and (c)
on the 12 month exposed polyester sample.
Positions (a) and (c) of Figure 4.9 show a strong silicon peak with a range of different
salts, suggesting a sand particle. Figure 4.9 position (b) shows only silicon, carbon and
oxygen present in measurable amounts. The carbon peak seems higher than that of the
background scan Figure 4.9 (d) showing that there is indeed significant carbonaceous
build up on the surface of the contaminated sample. It can also be seen on the sample in
Figure 4.9 that a large aluminium peak from the coated aluminium substrate used as a
collector can be seen. This was particularly noticeable in the sample that had been
exposed for 12 months, as the polyester layer was much thinner.
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d
Figure 4.9: EDS analyses of various point
point of a contaminated polyester coating exposed to
12 months of outdoor exposure.
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d
Figure 4.10: EDS analyses of contaminating material extracted with CH2Cl2/methanol
from a polyester coating having weathered for 6 months.
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d
Figure 4.11: EDS analyses of contaminating material extracted with acetone from a
polyester coating having weathered for 6 months.
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The extracted samples shown in Figures 4.10 and 4.11 reveal more detail as the
particles were removed from the aluminium substrate. In these cases the aluminium
peak was not seen, showing that the aluminium peak was indeed produced from the
aluminium substrate itself. As well as the obvious presence of carbon and silicon in the
aggregates of the contaminating material, it can be seen that calcium, sodium, potassium,
chlorine and bromine are present. The presence of these elements is most likely due to
the proximity of the collection site to salty sea water and winds in Singapore.

4.2.2

Glass Wool Samples

Particles dissolved and suspended in rain water were collected by placing a glass wool
plug into a funnel. The contamination that had been filtered onto the glass wool was
subsequently dissolved into solution to be analysed. The anticipation from this
collection method was to gather ‘clean’ samples where the contamination was caught in
a way that avoided the use of an adhesive surface like the uncrosslinked polyester or
adhesive tape. By avoiding the use of adhesives there was minimum risk of
contamination of the final test samples from molecules present in the adhesive films.

4.2.2.1

GC-MS results

In the course of sampling and dissolving the soluble components of the contamination
into solution, the glass wool collected material was considered to be the ‘cleanest’ since
it contained no extra contamination from any adhesive material used to trap the
atmospheric and rain-borne contamination. The collected contamination samples
obtained from the use of the uncrosslinked polyester and the adhesive tape resulted in
the adhesive material itself being dissolved into the solution along with the various
contaminating species. Therefore, for the samples obtained from the use of the
uncrosslinked polyester as a collection medium, it became impossible to separate the
adhesive material from the contaminating species observed.
Due to the inability to use the polyester collected samples, the glass wool samples were
therefore soaked in THF or Toluene in order to remove any soluble species. These
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samples were concentrated to
to 1 mL aliquots and analysed by GC-MS. The GC-MS

3results obtained were quite inconclusive as there were a very large number of peaks
giving very similar information. Figure 4.12 shows a typical GC-MS total ion

chromatogram of the separated components.
What was apparent in a large majority of the peaks was a strong indication of a
breakdown of hydrocarbon chains present in the separated molecules, shown in Figure
4.13. This was revealed by sequences of m/z peaks present in the mass spectra separated

by an m/z ratio of 14. Figures 4.13 and 4.14 show typical mass spectra for the
components found in the contamination mixture where the sequence of hydrocarbon
peaks is clearly visible.

Figure 4.12: GC-MS total ion chromatogram produced from the analysis of THF soluble
components of the contamination mixture.
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Figure 4.13: Typical mass spectrum of a long carbon chain species found in the THF
soluble component of the contamination mixture

Figure 4.14: Mass spectrum obtained from the direct insertion of the THF soluble
contamination mixture into the mass spectrometer.
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Figure 4.14, obtained by direct insertion of the sample in to the mass spectrometer, also
shows another series of peaks at 281, 355, 429 and 503. This series is believed to be

associated with silicate contamination either from the column or from the glass wool94.
In this case it could either be real due to being present from the contamination, as
revealed by the SEM/EDS analyses or could simply be an artefact of the glass wool

used as a collecting medium.
Due to the large number of similar components and the presence of large molecules
containing long carbon chains, it was impossible to identify the exact, individual species
present in the samples. A spectral database search of the resolved peaks also gave no
clear matches for determining the species present. It could however be said that the
samples did contain a high level of volatile carbonaceous material. Figure 4.15 shows a
single ion breakdown for some relevant ions for this analysis.

Figure 4.15: Single ion break down of the GC-MS chromatogram produced from the
analysis of THF soluble components of the contamination mixture.
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The 85 and 99 m/z single ion chromatograms show peaks produced from molecules of a

long chain hydrocarbon nature, with the m/z spacing of 14 between the peaks, typical of
hydrocarbons, revealing the large number of hydrocarbon-type species present. The
single ion chromatogram of m/z of 73 reveals those peaks that contain a silicate

structure. This shows again that both carbonaceous and silicate compounds were present
in the contamination.

4.2.3

Exposed Masking Tape Samples

The samples collected by way of adhering to exposed masking tape were useful for little
more than a visual inspection of the build
build up over time of the contaminating species
shown in Figure 4.16. The masking tape used for the collection panels was the brown
type of masking tape containing a cellulose membrane between the backing plastic and
the adhesive surface. Unfortunately when the
the tape was soaked in solvent to separate the
adhesive from the backing plastic the cellulose material also washed off the backing

plastic.

Figure 4.16: Build up of contamination onto exposed masking tape surfaces for 1 week, 1
month and 3 months shown from left to right.
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The presence of the cellulose material in the solution made filtering of the suspended,
undissolved contaminating material impossible as the cellulose material was filtered
along with it. The cellulose material could not be easily removed from the solution
either, as any attempt to remove it not only broke the membrane into smaller pieces but
also took some of the collected contamination with it. For these reasons the
contamination collected on the masking tape surfaces was not analysed further other
than a visual comparison on the masking tape surfaces as they were exposed for a
longer time.

4.3

Conclusions

Atmospheric contamination was successfully collected and extracted from polyester
coated aluminium panels and from glass wool plug filters. SEM analysis showed that
these particles were mostly in the 1-10 µm size range and composed mainly of carbon
or silicon. Due to limitations in the analytical techniques and a large number of
components with similar mass spectra found to be present by GC-MS, a determination
of the exact nature and structure of the contamination was unable to be resolved.
As there was a large quantity of soluble material found present in the GC-MS samples,
distinct from the micron sized particles observed under SEM, the belief is that there is a
carbonaceous surface layer present distinct from the particulate contamination which
has been backed up with the GC/MS analysis, however, no exact matches for what the
contaminating species are were found. Unfortunately the surface layer was found to be
too thin to analyse by the methods applied. What was clear from the collection of the
contamination onto the different media was that the contamination does build up very
quickly with the test samples exposed in the outdoors for only 1 week already showing
visible contamination.
Due to the high number of possible species present in the collected samples, further
analysis was deemed to be of no advantage in the discovery of the single species
responsible for the contamination. It has been shown, however, that the assumption that
the contaminating material was carbonaceous was correct, although silicaceous material
was also found to be present amongst the contaminants.
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5.1

Introduction

Currently, soft polyester-melamine thin films used for exterior coatings have been
known to show discolouration on outdoor exposure in tropical regions during periods of
high temperature and high humidity. This discolouration, as shown in Chapter 4, is
believed to be due to airborne and rain-borne carbonaceous and silicaceous matter
depositing and adhering to the surface of the paint. For aesthetic reasons there is an
obvious desire to prevent this contamination from building up and to make these
surfaces self-cleaning.
The purpose of the research outlined in this chapter is to investigate various ways to
create surfaces with interesting characteristics for the purpose of reducing the adhesion
of dirt and contamination to the coated surfaces. The formation of the surfaces in
question was attempted in various ways. The use of surface active molecules was
attempted in order to observe the effects of low surface energy molecules diffusing to
the surface of the coating. Radio Frequency (RF) oxygen plasma modification of
formed surface was also performed to better understand some of the effects the plasma
treatment has on the surface of the coatings in question. Hollow silica microspheres
were coated with different silanes and floated to the surface of the coating prior to
curing in an attempt to create surface roughness on the coating. Silica nanospheres were
also coated in various silanes and deposited into the coated surface.

5.1.1

Self-stratifying Additives

Self-stratifying layers and additives in coating formulations allow for several property
enhancements ranging from increased adhesion durability, selective penetration into
porous substrates and improved surface properties such as wear, light and weather
resistance, higher gloss, surface slip, and durability18. The advantage surface
stratification provides is that a complex coating can be applied with a single coating
application.
Unfortunately the combination of properties we desire, that provide extremely low
particle adhesion have, as yet, been unachievable by surface segregation alone for
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polyester-melamine coatings systems; therefore surface modifying post treatments have
been required to achieve the desired surface properties to reduce the adhesion of
particulate and contaminating species to the coatings surface.
Polysiloxanes are currently commonly used in the paint and coating industry as
levelling agents. In the case of polysiloxanes, the surface tension of the additive is lower
than that of the carrying paint, so there is a driving force for it to migrate to the upper
and lower coating interfaces in order to minimise the surface and interface energy23.
This action assists in the controlling of surface tension related issues such as: poor
surface finish, poor substrate wetting, cratering, air draught sensitivity and the
formation of Benard cells.
There has not been a large volume of work published on the diffusion of
poly(dimethylsiloxane) oils (PDMS) through polymer networks. The work that has
been published, however, has focused on the sorption process of PDMS oils within
silicone elastomers

24

. The ease of diffusion of the PDMS oils within the silicone is

brought about by the miscibility of the components being studied, by way of their
common chain structures24.

5.1.2

Surface Roughening

Fuller and Tabor73 have shown that increasing surface roughness can reduce the
adhesion to particles. In recent times a phenomenon known as the Lotus Effect46 has
also been observed, so named as it was observed that dirt did not stick to the surface of
lotus leaves when water is run over the surface. The Lotus Effect is characterised by
surfaces of a high level of roughness (on a nano-scale) and low surface energy that are
known for having self cleaning properties when water is run over them46,47.
The use of Oxygen (O2) plasma exposure of PDMS surfaces has been shown to produce
surfaces of controlled surface topography and wetting properties. In 2002 Eon et al
reported the use of O2 plasma exposure to convert PDMS into a SiOx like layer at a
PDMS-air interface52. They suggest the formation of SiOx hard micromasks on the
surface being created in the upper few nm of the PDMS surface layer. The results Eon
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et al obtained for SiOx layer thickness at 3 different bias voltages over time shows a
gradual increase in the SiOx layer thickness at the lower bias voltages, but at 100V the
thickness of the SiOx layer appears to plateau.
Tserepi et al twice report the use of O2 Plasma etching to produce tailored surface
topography and wetting properties of PDMS surfaces49,53. In both these cases a
crosslinked PDMS surface layer was etched to produce a roughened, superhydrophilic
surface that was subsequently coated with an ultrathin PTFE surface layer to produce a
superhydrophobic surface, exploiting the surface roughness produced by plasma etching.
The work of Fuller and Tabor on surface roughening73 also addressed the effects
hardness on adhesion. Their work showed that the effect of surface roughening on the
adhesion of rubber spheres to a roughened surface was to reduce the adhesion by using
spheres of a higher modulus. Applying the reasoning of Fuller and Tabor it would be
logical to assume that if the contamination cannot embed into the surface, then the
contamination becomes far easier to remove.
It has been shown in Chapter 4 of this thesis that it is relatively easy for the
contamination responsible for tropical discolouration to embed into the surface of a
typical soft polyester-melamine polymer surface. If a low surface energy could be
combined with an increased surface roughness and hardness then it is probable that a
hard surface showing low adhesion to the contamination could be created84.
It was therefore envisaged that hard silica microspheres could be modified with a
surface active species such as polysiloxane or PTFE. This approach is similar to that
which has been achieved previously on roughened glass surfaces to produce a
transparent superhydrophobic surface86. In combination with any buoyancy shown by
the low density, hollow silica microspheres, any modification to the surface of the
microspheres to lower the sphere’s surface energy may assist in carrying the
microspheres to the coating-air interface where they can best provide an improvement to
the contamination resistance of the coating surface..
A roughened surface could also be created by the presence of the microspheres in the
coating surface layer. By covering these microspheres in low surface energy molecules
like fluorinated silanes it may be possible to create a lotus like surface with multi levels
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of surface roughness, provided the microspheres are able to be uniformly dispersed
through the surface of the coating.

5.2

Results and Discussion

5.2.1

Surface Segregating Additives

The addition of poly(dimethylsiloxane) (PDMS), and other additives, to polyestermelamine coatings has been observed and documented to some degree by Watts, J. F.,
Perruchot, C., et al of University of Surrey. In the past the work of Watts, Perruchot, et
al. has covered various aspects of the observation and analysis of effects that PDMS has
on the polyester-melamine coating.25-27,36
The research performed by Watts, Perruchot, et al. involved the use of angle resolved
XPS and ToF-SIMS, surface layer segregation, investigation of minor components in
coil coatings and process variation such as cure temperature effects. Their work has
shown surface layer thicknesses of PDMS based flow agents added to polyestermelamine and urea formaldehyde-epoxy resins to be in the order of 0.5 to 1.5 nm.26,27
Comparisons of various polysiloxane species and their varying properties, such as
molecular weight, and the diffusion of the polysiloxanes of varying molecular weight
through a cross-linking polymer coating have yet to be reported. The possible variation
in diffusion of similar polysiloxanes with differing molecular weights was therefore
observed. This was an attempt to see if a variation on molecular size has an effect on the
diffusion of the polysiloxane molecules through the polyester-melamine surface coating.
The hope was that the larger molecular weights would slow the diffusion enough that is
could be monitored and measured.
Despite being used as a common surface active additive in industrial coatings as
levelling agents and flow modifiers, very little documented research on the diffusion of
polysiloxanes has been reported to date. The extremely fast speed of diffusion of
polysiloxanes could be one possible reason for the lack of documented research. The
speed of diffusion of the polysiloxane molecules through the coating makes consistent
measurement and analysis of the diffusing molecules through thin films difficult. The
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subsequent changing surface properties are quite difficult to measure as most analysis
techniques take longer to perform than it takes for the polysiloxane molecules to diffuse
to the surface of the paint.

5.2.1.1

Diffusion of PDMS through Polyester-Melamine Coatings

To test variations in the diffusion of various PDMS oils through polyester-melamine
coated surfaces, samples of PDMS oils of varying molecular weights were collected and
each of the different molecular weight PDMS oils were then incorporated into the
polyester-melamine coating formulation. This was performed in order to attempt to
observe the role that molecular weight plays on the rate of diffusion of the PDMS oils
through a polyester-melamine surface layer.
Given that the observation of the effects of varying molecular weights on the diffusion
of PDMS though a polyester-melamine coating has not been seen to be reported in the
literature, it was proposed to add PDMS oils of varying molecular weight to a polyestermelamine coating. The effect of subtle changes to the cure process techniques were also
evaluated along with the effect of molecular weight on the diffusion of the PDMS
through the coating.
In order to evaluate the effect of utilising additives of different molecular weight in the
coating formulation, PDMS samples of varying molecular weight, as measured by
viscosity, were added to the polyester-melamine coating formulation at a level of 1 %
per weight of solids. Differences in the coatings were observed using contact angle
measurement. Analysis was also performed by glow discharge optical emission
spectroscopy (GDOES) in order to determine if there were differences in the
concentrations of silicon through the coating.
The first group of coated panels (condition A) were made using the standard cure
method for this coating, that is, curing the coating in a 300 ºC oven to a 230 ºC PMT
(peak metal temperature) followed by a water quench where the panels are immediately
submerged in water following removal from the oven in order to cool them down
rapidly. The second cure method (condition B) utilised the same heating regime as for
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Condition A but eliminated the water quench. Condition C involved air-drying at 80 ºC
overnight to remove the solvent, and was not further heated to effect cure. The Fourth
group (condition D) also involved air drying the panels overnight at 80 ºC, followed by
curing as for condition A. Lastly the final group (condition E) was baked in an air oven
at 230 ºC for 30 minutes (isothermal cure). Reference samples (ref) were also subjected
to the same conditions, but with no PDMS present in the coating.
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Figure 5.1: Contact angle and surface energy measurements of polyester-melamine paint
surfaces containing PDMS samples of varying molecular weights, subjected to varying
cure conditions.
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The contact angle and surface energy data shown in Figure 5.1 (a-e) shows very little
difference in the surfaces for most of the conditions tested. The one stand out difference
is that of the samples that were baked in the 230 ºC oven for 30 minutes (condition E).
These samples showed a marginally higher water contact angle (Figure 5.1a), but a
considerably higher contact angle to methylene diiodide (Figure 5.1b). This translates to
a much lower surface energy for all samples cured under this condition (Figure 5.1e).
The fact that only the dispersive (non-polar) component of the surface energy (Figure
5.1d) appears to be significantly different shows that the surface may have undergone
some charring and degradation, which was also visually evident as the coatings cured in
this manner had an orange-brown tinge due to the degrading polymer. The result is
curious as a charring and oxidation of the surface layer may be expected to produce an
increase in the surface energy as opposed to the decrease that was seen.
Another interesting observation was that the PDMS containing surfaces seemed to show
no difference in the polar component of the surface energy (Figure 5.1c), whereas the
sample with no PDMS in the surface showed a considerable change. This is difficult to
explain but most likely due to the presence of the PDMS in the coating. PDMS is quite
a mobile additive that readily migrates and rearranges through the surface of the coating.
It is possible that where PDMS is present in the coating, as the surface is degraded,
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Figure 5.2: A typical GDOES analysis of the PDMS containing polyester-melamine
coating (a) and an enhanced view of the first 50 scans showing the area of reduced silicon
concentration due to migration through the coating (b).
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Glow discharge optical emission spectroscopy (GDOES) was also performed on the thin
films in order to attempt to observe changes in the surface concentration of silicon
species. Figure 5.2 shows a typical analysis result. Unfortunately there was not enough
consistent variation between the samples to see any differences in surface concentration
of the silicon species, or differences in concentration of silicon through the coating.
Every sample tested showed GDOES results similar to those shown in Figure 5.2, that
is, a concentration of silicon at the surface, then a rapid decline followed by a further
increase through the bulk of the coating. Since the surface layer appears lower than
through the bulk, there appears to be a loss effect of the PDMS in the top quarter of the
coated layer. The spike of silicon at approximately 340 scans is from the primer layer on
the steel panel.
What the lack of variation between the samples does show, however, is that the
diffusion of PDMS to the surface is happening so fast that it is impossible to see any
variation with cure methods that are performed. This fast diffusion rate makes it
difficult to measure rates of diffusion of the silicon species through the thin coating
layers by this method. The diffusion process appears to be driven by a surface energy
minimisation process as the upper regions of the coating are those affected. There
appears to be a loss if silicon from the upper regions to the surface shown by the lower
concentration but a uniform concentration lower in the coating. It was also found to be
impossible to quantify the silicon levels at the absolute surface by this method because
of a high level of variation seen for the first few scans from sample to sample. This was
compounded by inconsistency found in duplicate results for the same surface layer.
Due to the speed at which the PDMS was seen to be diffusing to the surface, the use of
other analysis techniques, such as XPS, would not have provided any additional insight
into the diffusion of the analysed species to the surface. The analyses performed indeed
did show that there was an excess of PDMS at the coating to air interface, and that this
excess did not change considerably with the various PDMS molecular weights trialled,
nor did the excess of PDMS at the surface change considerably with different curing
methods.
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The only really measurable difference that was seen was for samples prepared using
condition E, where the coating was left in an air oven at 230 ºC for a 30 minute period.
For this particular group of samples, the coating was partially burnt as evidenced by a
brown-gold tinge to the coating, and by the high polar surface energy component seen
in the reference sample. The samples containing the PDMS all showed higher water
contact angles, suggesting that more PDMS may be migrating more readily to the
coating-air interface under the increased temperatures as the surface burnt. The GDOES
analyses of the surfaces was not sensitive enough to pick up these in Si concentration
variations at the interface.

5.2.1.2

Diffusion of other molecules

Surface active molecules other than PDMS were also investigated. Different molecules
can produce vastly different surface effects when incorporated into the coating
formulation. The addition of molecules that allow for the ability to improve surface
hardness was investigated to determine if they were plausible for improving the
cleanability by adding a hard crust to the surface of the coating to act as a barrier
preventing the dirt from embedding into the surface. This section focuses on the
inclusion of several different additives to the polyester-melamine paint system.
Structures for the various additives tested are summarised and shown in Figure 5.3. and
include PDMS. The structure of Additive A, the phenylsilsesquioxane-dimethylsiloxane
copolymer, has not been included in Figure 5.3 due to its size and complex structure.
Additive B is a caprolactone-dimethylsiloxane copolymer; Additive C a fluorinated
dimethylsiloxane and Additive D is a dimethylsiloxane containing methacrylate groups.
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Figure 5.3: Structures of the additives tested with the polyester-melamine coating

Additives A and B were found to be miscible with the test polyester-melamine coating
formulation, additive C was found to be immiscible with the coating formulation and
additive D was found to be miscible with the coating formulation but caused the final
cured coating to become opaque.

The molecular surface hardeners that were investigated in this work included a
polysiloxane with acrylate side groups, additive
additive D. The acrylate end group can permit
UV curing, in this case, of the molecules containing methyl-acrylate side groups. The
hope was for the methyl-acrylate containing molecules to survive the thermal cure while
diffusing to the surface of the coating
coating where a subsequent secondary cure would take
place to crosslink the acrylate groups.
A disadvantage of a hardened surface, however, is that the surface becomes less flexible,
making the coating prone to cracking and crazing. Compatibility of the combined
polymer networks is also an issue. If there is any phase separation within the coating
due to incompatibility of the polymers, this is revealed as an opaqueness, which in turn
affects colouration of the final product. The opaqueness was witnessed in the final
coating following the addition of a methacrylate containing additive. The opaqueness
also suggests that the methacrylate groups reacted at the same time as the polyester due
to the high temperatures to which the coating is subjected in the coating process, with
the opacity revealing the incompatibility of the final crosslinked polyester-melamine
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coating phase and the crosslinked methacrylate-polysiloxane. This style of phase
separation requires an increase in molecular weight of the two component mixture and
thus for both components to polymerise.
No phase separation was observed in the monomer formulation, so it is doubtful that the
methacrylate modified polysiloxane monomer was immiscible with the polyestermelamine monomers. The monomer formulation itself was homogeneous, clear and
colourless again suggesting that the opacity was due to the phase separation between the
two different polymer species formed within the polymerised coating. Due to the
opacity in the final cured coating, this additive, additive D, was not further studied.
Another molecular species proposed as an additive to the polyester-melamine coating
formulation is tetrafluoroethylene in the form of poly(tetrafluoroethylene) (PTFE)
waxes. Theoretically, the low surface energy of the PTFE could be combined with a
surface hardening effect to create a non-stick surface similar to that seen on Teflon®
coated cookware.
As PTFE waxes do not have very good miscibility with the polyester-melamine
formulation due to their differing cohesive energy densities, a siloxane species
containing fluorinated pendant arms, additive C, was added instead as it provided
improved miscibility over the use of PTFE alone. Unfortunately again the fluorinated
additive, additive C, also introduced opacity to the coating so this additive was also not
studied any further. In this case the coating formulation liquid mixture was also opaque,
suggesting that the fluorinated additive was immiscible with the polyester-melamine
monomer formulation.
The additives found to be miscible with the polyester-melamine coating formulation
were additives A and B. The two different modified siloxane species were trialled as
additives

to

the

polyester-melamine

coating

formulation

with

success.

A

phenylsilsesquioxane-dimethylsiloxane copolymer additive, additive A, was tested. It
was thought that the bulky silsesquioxane group may aid in the retention of the additive
to the surface. In this case the final surface remained clear and colourless.
On the same premise, a caprolactone-dimethylsiloxane copolymer additive, additive B,
was also trialled as an additive to the polyester-melamine coating formulation. With
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hydroxyl end groups on the terminating caprolactone, this additive is able to react with
the excess melamine crosslinker found recently to segregate to the air-coating interface
when found in excess in a coating formulation3,95. The reaction of the melamine to the
caprolactone-dimethylsiloxane copolymer additive would thereby produce a permanent
poly(dimethylsiloxane) rich layer on the surface of the final coating. With the inclusion
of this additive the coating remained clear and colourless.
Shown in Figure 5.4 are water contact angles of the cured polyester-melamine surfaces
containing the respective additives. Note that the contact angle values appear to be
slightly higher than others reported in this chapter for similar samples. This increase is
due to these samples being measured using the DataPhysics contact angle measuring
instrument, as described in the experimental section as the alternative method for
contact angle measurement to the goniometer instrument used for all other
measurements. From Figure 5.4 it can be seen that the difference in contact angle
between the PDMS sample and that with the phenylsilsesquioxane-dimethylsiloxane
copolymer additive (additive A) is small. Both samples showed a water contact angle
between 86-87°, which is as expected as both additives are polysiloxane based.
The fluorinated dimethylsiloxane (additive C) and the dimethylsiloxane containing
methacrylate groups (additive D) also showed closely matching water contact angles. In
this case this was surprising as the methacrylate and fluorinated species are chemically
and thermodynamically quite different. The expectation was that the sample with the
fluorinated additive would have a considerably higher contact angle than the sample
containing the methacrylate due to the typically low surface tension that fluorinated
species possess. The more closely matched surface energy of the fluorinated additive is
most likely due to the fact that this is not a true PTFE type molecule but a siloxane with
fluorinated pendant groups attached. Had the surface been composed 100 % out of
PTFE, a contact angle of approximately 100-110° would be expected. Since the surface
is composed of a combination of PDMS and the fluorinated side arms averaged over the
surface, the surface shows a much lower contact angle than was expected.
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Contact Angle Variation with Differing Additive
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Figure 5.4: Water contact angles of the formed surfaces containing the respective
additives with additive A being phenylsilsesquioxane-dimethylsiloxane copolymer,
additive B being caprolactone-dimethylsiloxane copolymer, additive C being a fluorinated
dimethylsiloxane and additive D being a dimethylsiloxane containing methacrylate groups.

The additive that showed the greatest difference in contact angle, however, was the
caprolactone-dimethylsiloxane block copolymer (additive B). With a relatively high
water contact angle, and a low surface energy it was also observed that the
caprolactone-dimethylsiloxane copolymer provided some anti-graffiti properties, as
marks made to the coated surface with a permanent marker were easily removed. This
phenomenon was also persistent, as the same position could be marked repeatedly, and
the marks erased each time. A small amount of staining was found to occur after several
repeat tests, but the majority of the ink was removed each time.

5.2.1.3

Integrity of the additives on the surface

It was found during the course of the investigation into the addition of different
additives to the coating formulation that PDMS can be easily washed off the surface of
the final coated article. Figure 5.5 shows water contact angles for PDMS incorporated
into a polyester-melamine coating formulation. The results reveal that when the PDMS
rich surface was washed with solvent (acetone or hexane), the PDMS was removed.
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From this it was seen that there was a need for a molecule to be bound to the surface,
perhaps chemically bonded into the coating. A block copolymer incorporating PDMS
domains and caprolactone end groups was selected as a potentially suitable material.
The reasons for choosing to use a block copolymer over a conventional PDMS are
numerous. Block copolymers allow greater variability in the surface properties that can
be produced, allowing for combinations of surface properties not found from single
polymers alone.
In the present case block copolymers allowed the use of a polymer that could diffuse to
the surface like a conventional PDMS but would also react with the melamine
crosslinker, which has been shown to be in excess at the surface of cured polyestermelamine coatings3,95, once the additive reaches the surface. The reaction of the
copolymer with the excess melamine has the advantage of creating a more long lasting
PDMS surface layer. The terminal hydroxyl groups of the caprolactone domains of the
copolymer react with the excess melamine at the surface to create a persistent lower
energy surface, which could not be washed away as occurred with the PDMS-modified
surface.
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Figure 5.5: Effect of washing and saturated tissue rubbing on the water contact angle of
polyester-melamine surfaces containing 1 % PDMS (dark grey), 1 %
phenylsilsesquioxane-dimethylsiloxane copolymer (light grey) and 1 % caprolactonedimethylsiloxane copolymer additives (black) with a reference sample of just the
polyester-melamine coating (white).
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Figure 5.5 shows that the water contact angles remained unchanged for the surface
produced incorporating the caprolactone-dimethylsiloxane copolymer additive. When
the surfaces were subjected to multiple washings combined with vigorous wiping with a
tissue saturated in hexane or acetone, the water contact angles of the coating containing
the caprolactone-dimethylsiloxane copolymer remained largely unchanged. This was in
contrast to the surface layer created by the diffusion of PDMS, which was found to
simply wash away when subjected to the same test, leaving the surface with the same
water contact angle as the unmodified polyester-melamine surface.
The surface containing the phenylsilsesquioxane-dimethylsiloxane copolymer additive
also washed away easily. The bulkiness of the phenylsilsesquioxane-dimethylsiloxane
copolymer molecules had no bearing on their retention to the surface. For the PDMS
modified surface, due to the lack of physical bonds between the additive and the coating
itself, the additive was seen to simply wash away.

5.2.1.4

Dirt Shedding Ability of the Formed Surfaces

The dirt shedding ability of the surfaces formed by adding different additives to the
coating formulation was evaluated using the carbon slurry test described in Section
2.1.7. Modified clear coats were prepared over white substrates.
The contaminated samples were analysed spectroscopically using a colour spectrum
analyser, and referenced against a clean, uncontaminated sample of the same coating.
There were no great improvements made by simply adding the additives to the coating
formulation. The results of this analysis can be seen in Figure 5.6.
These results reveal that the phenylsilsesquioxane-dimethylsiloxane copolymer
produced very little improvement in dirt shedding ability, however, the caprolactonedimethylsiloxane copolymer did provide some small improvement to the dirt shedding
ability of the coating.
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Figure 5.6: ∆L* measurements for dirt contamination on surfaces incorporating varying
concentrations of additives in their formulations with additive A being
phenylsilsesquioxane-dimethylsiloxane copolymer and Additive B being the caprolactonedimethylsiloxane copolymer.

Due to the inability of the additives to impart any significantly improved dirt shedding
ability to the coated surfaces, other measures such as secondary treatments of the
surface to gain dirt shedding ability were investigated. The addition of additives into the
coating formulation alone did not produce the desired self cleaning properties. Other
properties such as possible anti-graffiti improvements were observed for the
caprolactone-dimethylsiloxane copolymer additive, however the key self cleaning
attributes were not seen by the incorporation of these additives alone so other measures
had to be undertaken in order to produce the sought after self cleaning and
contamination resistant effects.

5.2.1.5

Plasma Modification of Surfaces

It is known that when PDMS surfaces are subjected to Radio Frequency (RF) oxygen
plasma, the surface becomes more wettable53. This is due to the development of a
typically high energy surface due to a silicate, SiOx species forming on the surface of
the sample52,96,97. Analysis of the modified PDMS surfaces by XPS has confirmed the
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formation of the SiOx material as hard micromasks on the surface52. With an increasing
concentration of PDMS at the surface of the samples the effect of the plasma is
increased, thus the surface becomes more wettable at a much faster rate.
The modification of the caprolactone-dimethylsiloxane surface with the RF oxygen
plasma was found to be extremely rapid, and it was not possible to measure the rate at
which the surface is modified as the change in surface energy appears to occur during
the stabilisation time of the RF plasma instrument (2 minutes), as outlined in Figure 5.7.
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Figure 5.7: Total surface energy of polyester-melamine surfaces containing varying levels
of a caprolactone-dimethylsiloxane block copolymer additive with increasing exposure to
20 W radio frequency oxygen plasma.

It can be seen in Figure 5.7 that even with low levels of the caprolactonedimethylsiloxane additive, 2 minutes of exposure to a 20 W plasma produced the same
surface energy as 10 minutes exposure for the polyester-melamine surface containing
none of the caprolactone-dimethylsiloxane additive. Unfortunately the plasma
instrument used was unable to be used reproducibly for time periods of less than 1-2
minutes as it takes approximately 30 seconds for the plasma energy to become stable.
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A 20 Watt plasma is considered to be low power for the plasma cleaning instrument
used (energy levels of 10 Watts to 140 Watts were tested), therefore it is reasonable to
assume that with higher plasma power levels the results would be even more dramatic.
It has been shown by Tserepi et al, however, that for 400 W power oxygen plasma static
contact angles on the surface of PDMS fall dramatically from 115º to 10º following just
10 seconds, and the water contact angle falls close to 0º after 40 seconds53.
Surface energies for the RF oxygen plasma modified surfaces at differing concentration
of additives are shown in Figure 5.8. The increase in surface energy with RF plasma
exposure seen for both additives in Figure 5.8 appears to be more dramatic for Additive
B than for Additive A. At lower concentrations and lower plasma energy, Additive A
shows a lower increase in surface energy than is seen for Additive B. Additive B
appears to increase the surface energy a similar amount for all concentrations and
plasma energy levels tested.
The work of Eon et al52 and Tserepi et al49,53 utilised a similar process of oxygen
plasma processing and etching of PDMS surfaces. The results for rapid reduction in
water contact angle of the plasma treated surfaces closely match those obtained by
Tserepi et al53 with the use of 400W bias plasma power. It is reported by XPS analyses
of these surfaces that the outer most several nm has the PDMS converted to SiOx and
the surface roughness has been shown to increase also.
It is suspected that a process similar to that seen by Oláh et al58 with the use of
UV/ozone to modify poly(dimethylsiloxane) surface layers is also occurring, whereby a
hard structure of SiOx is being formed by the oxygen plasma. XPS data obtained by
Schnyder et al98 confirms that the identical conversion of the PDMS to SiOx occurs in
the UV/ozone modification, as occurs with oxygen plasma modification.
The gradual hydrophobic recovery of modified polysiloxane surfaces has been reported
in the literature99. This was also seen for the modified polyester-melamine surfaces
described in this chapter. The water contact angle of the plasma modified surfaces was
found to have significantly increased 3 days after the plasma exposure.
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Figure 5.8: Total surface energy of polyester-melamine surfaces containing varying levels
of a phenylsilsesquioxane-dimethylsiloxane copolymer, Additive A (a) and caprolactonedimethylsiloxane block copolymer, Additive B (b) with increasing additive concentration
at varying oxygen plasma exposure. The reference samples for each graph were measured
at zero plasma time

The surface energy results after 3 days can be seen in Figure 5.9 where a slow recovery
of the surface energy can be seen. This recovery is most likely due to unbound PDMS
branches lower down in the surface layer that had not reacted into the surface layer
migrating to the surface around the remaining SiOx structure in order to minimise the
surface energy, bringing the surface back to equilibrium. Alternatively it is possible that
the plasma may well be breaking bonds within the coating, and PDMS sections are now
free to rearrange around the hard SiOx structure.
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Figure 5.9: 3 Day recovery of total surface energy of polyester-melamine surfaces
containing varying levels of a phenylsilsesquioxane-dimethylsiloxane copolymer, Additive
A (a) and caprolactone-dimethylsiloxane block copolymer, Additive B (b) with increasing
additive concentration at varying oxygen plasma exposure. The reference samples for each
graph were measured at zero plasma time.

The surface energy of the plasma treated surfaces was not seen to change with washing
the surface with water, acetone or hexane. So while bonds may have been broken within
the additives, the additives are still attached to coating but branches are free to rearrange
though the coating to minimise the surface energy.
When comparing Figure 5.9 with Figure 5.8, it can be seen that the surface energy of
the plasma modified surfaces drops by an average of 5-10 mJ/m2 for all surfaces
containing either of the additives tested. The results indicate that the hydrophobic
recovery was faster for the surfaces subjected to lesser RF oxygen plasma. The slower
hydrophobic recovery rate suggests that longer and more powerful RF oxygen plasma
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may create a harder and thicker surface layer on the paint. This harder, thicker paint
surface in turn makes it harder for the surface of the paint to rearrange, the process by
which the hydrophobic recovery occurs.58

5.2.1.6

Effect of Plasma Modification on Dirt Shedding Ability

Results of the carbon slurry test applied to plasma treated paint surfaces showed that the
dirt shedding ability of the plasma modified paint surfaces improved considerably.
Unlike the untreated samples, the plasma treated samples showed an immeasurably
small colour change in some cases, that is, it can be assumed that there was no
contamination at all as all of the activated carbon could be removed from the surface of
the paint.
∆L* values as a function of plasma level and exposure time are shown in Figure 5.10
for

plasma

treated,

caprolactone-dimethylsiloxane

and

phenylsilsesquioxane-

dimethylsiloxane modified surfaces.
It is interesting to note that the reference samples actually became less dirt-shedding as
the plasma exposure time increased, irrespective of the plasma power, whereas those
samples containing additives did not show this. In fact the samples containing the
additives improved in contamination resistance with increased plasma power and
plasma exposure time.
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Figure 5.10: ∆L* measurements for dirt contamination on surfaces incorporating varying
concentrations of additives in their formulations. Additive A (a and b) being
phenylsilsesquioxane-dimethylsiloxane copolymer, Additive B (c-g) being the
caprolactone-dimethylsiloxane copolymer and a reference (h) containing no additive.
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It is believed that the surface of the unmodified samples is being degraded by the
plasma exposure, causing roughening of the surface thereby providing areas for the dirt
to embed. When the surface roughness is in combination with poly(dimethylsiloxane),
however, the modified poly(dimethylsiloxane) provides the dirt resistance via the
conversion of the siloxane surface to hard silicates (SiOx) as discussed earlier in this
chapter.
The resistance to dirt contamination of plasma modified caprolactone-dimethylsiloxane
and phenylsilsesquioxane-dimethylsiloxane surfaces as ∆L* values as a function of
additive concentration is shown in Figure 5.11.
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∆L* measurements by % concentration for Additive B
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Figure 5.11: ∆L* measurements for dirt contamination on surfaces incorporating varying
concentrations of additives in their formulations. Additive A (a) being
phenylsilsesquioxane-dimethylsiloxane copolymer, Additive B (b) being the caprolactonedimethylsiloxane copolymer.
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The results in Figures 5.10 and 5.11 show a strong correlation with the surface energy
data presented in Figure 5.8. Note that the dirt contamination tests were performed more
than a week after the plasma exposure, during which time hydrophobic recovery of the
surfaces occurred, however the exposed surface still retained their dirt-shedding ability.
It is interesting to note that when samples were retested (for dirt removal only) more
than a year after plasma exposure and initial dirt resistance testing, the dirt-shedding
ability was retained, showing not only that the dirt resistant surface lasts an extended
period of time, but also that the surface remains intact when the contamination is
washed away.
The persistence of dirt contamination resistance for an extended period of time suggests
that there is more associated with the dirt resistance than simply surface energy alone. It
is thought that surface roughness, or increased surface hardness as a result of the plasma
exposure may be creating the dirt resistance in combination with the higher surface
energy of the poly(dimethylsiloxane) in the coating. The dirt resistance is increased
when the poly(dimethylsiloxane) additives are used in conjunction with the plasma,
suggesting that both the surface energy of the additive itself and the changed surface
roughness or surface hardness created by the RF oxygen plasma process combine to
create the dirt resistance effect. As the poly(dimethylsiloxane) reorganises on the
surface to minimise the surface energy, yet the surface remains to be dirt-shedding, it is
suggested that the SiOx has remained at the surface creating a long lasting hardness
resulting the continued dirt shedding ability of the coating.

5.2.2

Surface Modification and Incorporation of Silica Microspheres

Since the effect surface roughness and surface hardness has been seen to probably have
an effect on the resistance to contamination of the modified polyester-melamine
surfaces, various other ways of creating the surface roughness and increased surface
hardness that conformed to current manufacturing techniques were also explored. The
use of hollow silica microspheres, floated to the surface of the coating, was one of the
techniques attempted to try and create a textured surface with a uniform degree of
roughness.
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If a degree of roughness could be created in this manner using the hollow silica
microspheres then a combination of roughness and lower surface energy could also be
created by coating the silica microspheres with low surface energy functional groups. It
was envisaged that a combination of roughness from the microspheres with a lower
surface energy could possibly create the conditions for a lotus like surface and in turn,
enhance the resistance of the surfaces to dirt contamination. If a controlled monolayer of
the microspheres was able to be created at the surface of the paint, it was envisaged that
this layer of microspheres would also provide a protective hard barrier to aid in dirt
resistance.

5.2.2.1

Surface Modification of Silicon Microspheres

The modification of silica surfaces with trichlorosilanes is commonly known and
used91,92, particularly for glass surfaces. It is achieved by the hydrolysis and subsequent
reaction of the silane to hydroxyl groups present on the silica surface. A schematic for
the reaction in relation to silica spheres is shown in Figure 5.12.

Figure 5.12: Schematic showing the reaction of silanes to silica microspheres. For the case
of this chapter X = Cl and R = octadecyl and 1H,1H,2H,2H-perfluorodecyl side chains.

It has been reported in the literature91 that the surface hydroxyl groups on the
microspheres that the silane reacts to can either be from the silica of the microsphere
itself or from water that is often present the surface of the microsphere. The reacting
silane does not differentiate between the two different hydroxyl groups and will react to
either hydroxyl group source.
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For the case of this work it was considered unnecessary to explore how the silane was
reacting to the surface as the concern was more associated with the behaviour of the
modified spheres than the nature of the reacted silane surface. The work performed was
sufficient to obtain adequate surface coverage of the silane on the microspheres to give
them the desired surface energy properties.
For the experiments carried out using the silica mirospheres, the silanes utilised were
octadecyl trichlorosilane (OTS) and 1H,1H,2H,2H-perfluorodecyl trichlorosilane
(fluorosilane). It is noted that the use of trimethoxysilanes and triethoxysilanes can also
achieve similar results however they have been found to react much more slowly than
the corresponding trichlorosilanes.100-106
In order to determine if the silane modification had been effective, the spheres were
lightly scattered onto the surface of a sample of water. The unmodified microspheres
were seen to fall just below the surface of the water due to their apparent wettability,
whereas the modified microspheres were seen to sit on the surface of the water itself,
not breaking the surface tension.
Figure 5.13 shows SEM images of the microspheres before and after the silane had
formed a modified surface layer on the spheres. One of the first things to note is that the
microspheres are not mono-disperse as was hoped. The immediate disadvantage to the
polydispersity is that it becomes difficult to achieve uniform coverage and dispersion of
the microspheres if the microspheres are added to a coating formulation.
The overall size of the spheres does not appear to be altered by the presence of the
silane on the surface. There does, however, appear to be patches of silane build up on
the surface of the spheres. This silane build up is a result of marginally insufficient
washing of the excess silane from the spheres after the surface treatment and was
rectified in later experiments. When the modified spheres were added to the coating
formulation, this excess silane was no longer seen to be present on the spheres, showing
that it is not bonded to the surface but is in fact contamination from polymerised excess
silane.
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Figure 5.13: SEM images of (a) 11 µm spheres and (b) 18 µm spheres, 11 µm spheres
coated in (c) octadecylsilane and (d) 1H,1H,2H,2H-perfluorodecylsilane and 18 µm
spheres coated in (e) octadecylsilane and (f) 1H,1H,2H,2H-perfluorodecylsilane

In Table 5.1, the contact angles for water on silicon wafers prepared using the same
method as for the microspheres can be seen. These results show a partially hydrophilic
nature for the untreated sample, and a hydrophobic nature for the silane treated samples,
as seen with the microspheres in contact with the water surface. Also noted is that
contact angles of the polyester-melamine coating formulation onto the same silicon
wafer samples show a somewhat wettable nature for all three samples with the
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1H,1H,2H,2H-perfluorodecyl silane sample being the least wettable, which is not
surprising given that it has the lowest surface energy of the three silicon wafer samples.
Table 5.1: Contact angles and surface energies of the silane treated silicon wafers
Silicon Wafer Sample

Contact Angle (degrees)

Surface Energy (mJ/m2)

Coating
Formulation

Water

Diiodomethane

γs

γSd

γSp

Untreated (as received)

38.7

49.7

34.4

51.6

25.9

25.7

Octadecyl

46.3

96.3

43.8

20.9

17.7

3.2

1H,1H,2H,2H-perfluorodecyl

69.5

101.3

37.0

13.3

8.5

4.8

5.2.2.2

Incorporation of Silica Microspheres into the Coating

When the microspheres were added to the coating formulation, following dispersion
with the aid of ultrasonics, the 18 µm microspheres floated to the surface following a
period of settling, whereas the 11 µm sphere samples did not do so to the same extent. It
is believed that this difference is due to the respective densities of the microspheres. The
density of the 18 µm spheres before modification is 0.6 gcm-3, whereas the density of
the 11 µm spheres before modification is 1.1 gcm-3, nearly identical to the density of the
polyester-melamine formulation. The spheres are hollow, therefore the 18 µm spheres
have greater proportion of void volume than the 11µm spheres and thus are lower in
density. Since the spheres were not mono-disperse, as is evident in Figure 5.13, there
was some degree of buoyancy seen in the 11 µm spheres, but not to the same extent as
was seen with the 18 µm spheres.
Stokes law can be applied to spherical particles107 as described by equation (4), where F
is the frictional force acting on the sphere, r is the radius of the sphere, η is the viscosity
of the carrying medium and v is the velocity of the sphere. The sphere is expected to
rise or fall in the carrying medium according to a settling velocity, vs, as described by
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equation (5). In equation (5) ρp and ρm are the densities of the sphere and the carrying
medium respectively and g is the gravitational constant.
Stokes law:
F = 6πrηv

(4)

vs = 2gr2(ρp-ρm)/9η

(5)

The assumption is made that Stokes law still applies in a thin film only slightly larger
than the sphere diameter as it is possible that viscosity differences within the coating
formulation may be exist around the coating-air and coating-substrate interfaces. Using
Stokes law the settling velocity is calculated to be -3.5 µms-1 for the 18 µm spheres. The
equation was not solved for the 11 µm spheres due to the close matching densities of the
microspheres and the carrying solution, which produces a very slow settling velocity.
The thin films have an apparent dry thickness of only approximately 18 µm thickness,
this would provide approximately 26 µm wet coating thickness, allowing for a 30 %
solvent content in the formulation and for shrinkage. So for the case of the 18 µm
spheres, a settling velocity of 3.5 µms-1 upwards, equates to a time of less than 3
seconds before the spheres furthest from the top surface (the coating to air interface) are
able to migrate the 8µm to the surface, at which point the surface energy differences
between the spheres themselves and the coating formulation dominate, producing
interesting surface morphologies.
Figures 5.14 and 5.15 show SEM images of the surface topography of the coatings at
perpendicular (90°) and 30° viewing angles respectively. The presence of shattered
microspheres is evident in the micrographs. These shattered microspheres come about
due to the difference in pressure between the microspheres and the vacuums used for
both sputter coating of the samples and within the SEM chamber itself. Samples that
had not been subjected to a vacuum, observed by optical microscopy showed no
presence of shattered microspheres. It is assumed therefore that the microspheres are
created under atmospheric conditions and that the difference in pressure between the
atmospheric pressure inside the sealed microsphere and the low pressure of the vacuum
is sufficient to rupture the thin walls of the microspheres, exploding them within the
vacuum chamber.
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Figure 5.14: SEM showing surface protrusion of the uncoated spheres (a) 11 µm and (b)
18 µm, OTS coated spheres (c) 11 µm and (d) 18 µm and fluorosilane coated spheres (e)
11 µm and (f) 18 µm.

In Figure 5.14 it is shown that, for
for microspheres coated with a lower surface energy
silane, the surface protrusion becomes more pronounced. In addition to this, the
difference between the 11 µm and 18 µm spheres with the same silane coating is also

seen. The 18 µm spheres coated with the OTS
OTS are seen to be much more prevalent at the
surface than the 11 µm
µm spheres coated with the same silane. This difference is also seen
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with the fluorosilane coated microspheres where the 11 µm spheres appear to be hidden
below the surface more than the 18 µm spheres which appear quite proudly on the
surface.
Given that the 18 µm spheres showed a greater tendency to migrate to the surface, this
size sphere became the main subject of further analysis. In Figure 5.15 the state of the
surface topography and the extent of the surface becomes clearer. Whereas the
unmodified and OTS coated 18 µm spheres tend to remain solitary and individual in the
coating, the fluoro silane coated spheres have a tendency to aggregate due to the
difference in surface energy between the fluoro silane coating and the coating
formulation.
The spheres protruding from the surface of the coating, shown in more detail in Figure
5.16, bring about the different surface morphologies. It can be seen clearly in Figure
5.16 as well as in Figure 5.15 that whereas the uncoated microspheres seem to be held
under the surface by the surface tension of the coating, both samples of the silane
modified microspheres break through the surface of the polyester-melamine coating.
This is particularly evident in the case of the 1H,1H,2H,2H-perfluorodecyl silane treated
microspheres, which were found to profoundly protrude through the surface. This effect
again can be related to the surface energies of each of the modified silica microspheres
compared to the relatively high surface energy of the unmodified microspheres.
Comparing the topographies seen in Figure 5.16 to the contact angle values seen for the
coating formulations with the various silane treated surfaces in Table 5.1, it can be seen
that a distinct correlation exists between the results seen in Table 5.1 and the way the
spheres sit on the surface in Figure 5.16. The untreated surface showed a contact angle
of 38.7° and the comparable sphere sits with its surface marginally revealed through the
coating surface. The OTS treated spheres protrude further though the coating surface
than the untreated spheres, which aligns with their measured contact angle of 46.3°. The
higher contact angle of 69.5° for the 1H,1H,2H,2H-perfluorodecyl silane treated surface
compares well with the comparable spheres, though the non-wetting effect of the
coating seems even more pronounced for the microspheres, sitting almost on top of the
coating surface.
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Figure 5.15: Scanning electron micrographs of 18 µm spheres (a) uncoated, (b) OTS
coated and (c) fluoro silane coated, protruding the surface of a polyester-melamine films.
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Figure 5.16: Scanning electron micrographs of 18 µm spheres (a) uncoated, (b) OTS
coated and (c) fluoro silane coated, protruding the surface of a polyester-melamine films.
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The surfaces produced by the incorporation of the different microspheres also give rise
to the water contact angles that are summarised in Table 5.2. It can be seen from the
results that only the 1H,1H,2H,2H-perfluorodecyl silane treated microspheres have an
effect on the surface energy of the final coating. Also evident is that the 11 µm spheres
appeared to have less of an effect on the coating’s surface energy than the 18 µm
spheres. This difference is likely to be due to the more buoyant nature of the 18 µm
spheres compared to the 11 µm spheres, as evidenced by the Stoke’s law calculations,
allowing the 18 µm spheres to have greater impact on the surface, whereas the 11 µm
spheres were not exposed on the surface to the same degree, as outlined earlier in the
chapter.
Table 5.2: Water contact angles of final coating surfaces
Coating Sample

Water Contact Angle

Unmodified Polyester Coating

78.3°

1.5 % 11 µm untreated

77.7°

1.5 % 18 µm untreated

79.7°

1.5 % 11 µm octadecyl

78.2°

1.5 % 18 µm octadecyl

79.3°

1.5 % 11 µm 1H,1H,2H,2H-perfluorodecyl

84.5°

1.5 % 18 µm 1H,1H,2H,2H-perfluorodecyl

90.7°

5 % 18 µm 1H,1H,2H,2H-perfluorodecyl

99.2°

10 % 18 µm 1H,1H,2H,2H-perfluorodecyl

100.5°

It can be deduced that this change in water contact angle is due in greater part to the low
surface energy of the exposed 1H,1H,2H,2H-perfluorodecyl silane treated microspheres
than to the increased surface roughness, as there was no distinct difference seen due to
the other microspheres, despite the surface roughness of the coatings also increasing.
The increase in surface roughness was expected to increase the hydrophobicity of the
surface.
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a

b

c
Figure 5.17: 18 µm 1H,1H,2H,2H-perfluorodecylsilane coated spheres in concentrations
of (a) 1.5 % (b) 5 % and (c) 10 %, in a polyester-melamine coating.
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a

b
Figure 5.18: 18 µm 1H,1H,2H,2H-perfluorodecylsilane coated spheres in concentrations
of (a) 5 % (b) 10 %, in a polyester-melamine coating.

Also from Table 5.2 it can be seen that the concentration of spheres was increased, in

the case of the 18 µm 1H,1H,2H,2H-perfluorodecyl silane treated spheres, to 5 % and
10 %. The increase in concentration of the spheres was performed to see if a more
uniform surface coverage could be achieved by this method. However, due to the
difference in surface energy between the spheres
spheres and the polyester-melamine coating

formulation, the 18 µm 1H,1H,2H,2H-perfluorodecyl silane treated spheres showed a
tendency to aggregate and as such the desired uniform surface coverage was unable to
be achieved. Figures 5.17 and 5.18 highlight the aggregation of the spheres with the
increase in concentration of 18 µm 1H,1H,2H,2H-perfluorodecyl silane treated spheres

into the polyester-melamine coating.
Figure 5.17 shows micrographs that were captured at a 30° angle to the sample surface,

and shows the formation of larger aggregate regions with increasing microsphere
concentration. Despite there being significantly more surface coverage at 10 %
microsphere concentration compared to 1.5 % sphere concentration, the surface
coverage is not uniform due to the aggregation. Figure 5.18 shows the same effect but

viewed at 90° to the surface of the sample.
Dirt shedding test were not carried out for the surfaces incorporating the microspheres
since it was difficult to record consistent colour readings with the high level of surface
irregularity that the presence of the microspheres imposes.
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5.2.3

Silicon Nanospheres

Following the use of hollow silica microspheres to impart roughness to the surface of
the coating, an attempt was made to perform similar modification to silica nanospheres
in order to determine the effect of the deposition of modified silicon nanospheres on the
surface properties of the paint. In this case, instead of adding the nanospheres to the
paint formulation, the modified nanospheres were simply deposited on the surface of the
painted article from a liquid phase by flowing a solution containing the modified
nanospheres across the surface of the pre-painted substrate.

5.2.3.1

Modified Silicon Nanospheres

A different technique for silane treating the silicon nanospheres is required compared to
the technique used for treating the silicon microspheres. The first difference to be noted
with the silane coating of the silica nanospheres was that trichlorosilanes could not be
used in the same as they were with the silica microspheres since the silica nanospheres
were obtained as a suspension in water. Trichlorosilanes are known to react very
quickly with water and so were not an option for treating silicon nanospheres as they
would hydrolyse and polymerise in the presence of water before they react with the
silica nanospheres themselves.
Trimethoxysilanes were used in preference to trichlorosilanes for the reactions with the
nanospheres as they react more slowly than trichlorosilanes giving more time for them
to react with the nanospheres prior to polymerising. Since the trimethoxysilanes are also
activated by the addition of water to the solution with the silane species being
hydrolysed, the dispersion of the nanospheres in water was somewhat advantageous.
The nanospheres also needed to remain suspended in the water solution at all times, as
they were found to aggregate and precipitate out of the suspension as soon as the water
levels started to drop.
The best method found to coat the suspended nanospheres in silane was to create a
solution of the trimethoxysilane with a small amount of acetic acid and water. The acid
is used to assist in the hydrolysis of the silane. The nanospheres suspended in water
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were added to the activated silane solution and the entire solution was stirred under
nitrogen for 24 hours. After the 24 hours no further treatment was performed, and the
excess silane was not removed.
The solutions were found to remain stable only for a few days. The usable lifetime of
the silane coated nanospheres, however, seemed to vary depending on the respective
silane chosen, with some remaining stable in solution for over a week. In order to assist
in coating the modified nanospheres directly onto the surface of polyester-melamine
prepainted test plates, 2-propanol was added to the coated sphere solution. On the
addition of the 2-propanol, the coated sphere solutions were found to be stable enough
in solution for the coating process to proceed, and allowing observation of the coatings
produced by the spheres.
Five different trimethoxysilane species were attempted as coatings for the silica
nanospheres.

Both

1H,1H,2H,2H-perfluorodecyl

trimethoxysilane

and

n-butyl

trimethoxysilane were tested because of their ability to form coatings of low surface
energy. The 2-[methoxy(polyethyeneoxy)propyl] trimethoxysilane was tested as the
presence of the polyethyleneoxide groups make that coated spheres more water soluble.
The 3-aminopropyl trimethoxysilane and 3-glycodioxypropyl trimethoxysilane were
both tested since the amine and epoxy groups respectively present on the silanes could
possibly be further reacted to with different polymer branches if nanospheres coated in
these silanes were able to produce uniform surfaces.

5.2.3.2

Coatings Prepared from Modified Silicon Nanospheres

The surface features seen on the resulting surfaces produced by depositing the coated
nanospheres, as seen by SEM images in Figure 5.19, differed greatly to those seen for
the silane coated microspheres. An obvious difference is that the nanospheres are
several orders of magnitude smaller, but also the surface features seen with the
deposited nanosphere films differed greatly in structure and appearance depending on
the silane that was used to modify the sphere.
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The coating that was produced from the unmodified silica nanospheres, seen in Figure
5.19a, shows significant surface cracking. This suggests that the surface itself is very
hard and inflexible. It is thought that the cracking was the result of the process of

punching the 10 mm sample disc from the test coupon, highlighting the inflexibility of
the coating.

a

b

c

d

e

f
Figure 5.19: SEM images of the surfaces formed by depositing the silane treated
nanospheres onto polyester-melamine surfaces. The nanospheres are coated with (a) no
silane, (b) 2-[methoxy(polyethyeneoxy)propyl]-, (c) 1H,1H,2H,2H-perfluorodecyl-, (d) nButyl-, (e) 3-aminopropyl- and (f) 3-glycodioxypropyl- trimethoxysilanes respectively.
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A small amount of dust can be seen on the 2-[methoxy(polyethyeneoxy)propyl]
trimethoxysilane coated nanosphere surface (Figure 5.19b), however, otherwise the
surface appeared quite uniform with very slight texturing of the surface seen below the
1 µm level.
The 1H,1H,2H,2H-perfluorodecyl trimethoxysilane nanospheres (Figure 5.19c)
appeared not to spread on the surface well, but rather aggregated instead into dense
particles resembling sand. This aggregation most likely occurred in the liquid phase,
similar to that which was seen with the 1H,1H,2H,2H-perfluorodecyl trichlorosilane
microspheres described in section 5.2.2.2.
The surfaces produced by the 3-aminopropyl and 3-glycodioxypropyl trimethoxysilane
coated nanospheres (Figures 5.19d and 5.19e respectively) both appear to form random,
3-5 µm sized features on the surface.
Table 5.3 shows the static water contact angles produced by the final coated surfaces
formed by the nanospheres onto the polyester-melamine. Due to the presence of the
hydrophilic, polyethyleneoxide chains in the 2-[methoxy(polyethyeneoxy)propyl]functional silane, the water contact angles were seen to be lower than those of the raw
spheres.
Table 5.3: Water contact angles of final coating produced from surfaces
prepared from the silane coated nanospheres
Silane coated nanospheres

Contact Angles
(degrees)

Raw nanospheres

58.2 ± 1.5

n-butyl -

118.8 ± 6.8

1H,1H,2H,2H-perfluorodecyl -

113.1 ± 5.8

2-[methoxy(polyethyeneoxy)propyl] -

44.3 ± 1.5

3-aminopropyl -

unstable and
unmeasurable

3-glycodioxypropyl -

unstable and
unmeasurable
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The

surfaces

produced

from

the

n-butyl

and

1H,1H,2H,2H-perfluorodecyl

trimethoxysilane coated nanospheres yielded very similar water contact angle results.
The 1H,1H,2H,2H-perfluorodecyl trimethoxysilane coated nanospheres aggregated,
thus not producing even surface coverage and in turn creating a lower average contact
angle than was expected for a rough surface but consistent with PTFE surfaces. The
contact angles observed also varied over a wide range, showing that the surface was not
uniform because of the aggregation of the particles. The n-butyl trimethoxysilane coated
nanospheres also produced very inconsistent contact angles across the surface of the test
sample, this was due to the irregular nature of the surface itself.
The 3-aminopropyl and 3-glycodioxypropyl silane coated nanospheres resulted in
coatings that showed an unmeasurable contact angle. In both cases, the final coated
surface was seen to be quite unstable, the roughness features that appear on the surfaces
of the 3-aminopropyl and 3-glycodioxypropyl silane coated nanosphere coatings in their
respective SEM images are seen to move and sway when magnified within the water
droplet.
On application of the water droplet to the surfaces of the 3-aminopropyl and 3glycodioxypropyl silane coated nanosphere coatings, the droplet was witnessed to
slowly spread across the surface and also appeared to be absorbed into the coating
surface itself. The water contact angles in both cases appear to start at approximately 60°
and rapidly fell to zero. It is possible that the presence of excess silane in the surface
coating is combining with the water, acting as a surfactant. It is also possible that
surfactants present to support the nanospheres in water solution remain present in the
final coated spheres. As the surface tension of the water-surfactant mixture changes, the
contact angle drops significantly and also allows the contact liquid to diffuse into the
coated nanosphere layer, in effect re-solvating the nanospheres. In Figure 5.20 samples
(d) and (e) it can see that the portion of the nanosphere surface which has been resolvated is easily washed away.
Carbon slurry testing of the surfaces produced from the nanospheres showed no visual
improvement in dirt shedding for any of the surfaces produced from the surface
modified nanospheres. In comparison to the untreated reference sample with no
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nanospheres on the surface at all, the surfaces produced from the silane modified
nanospheres appeared to be more contaminated.
A photograph of the carbon slurry test samples can be seen in Figure 5.20. The carbon
slurry test performed on the surfaces of the 3-aminopropyl and 3-glycodioxypropyl
silane coated nanosphere coatings (Figure 5.20 samples (d) and (e) respectively) were
seen to remove the nanosphere coating entirely. The removal of the coatings is perhaps
a result of the water being absorbed into the coating and thus the coating softening
enough to make it easy to remove along with the activated carbon. The area of the
coating that was not exposed to the carbon slurry survived intact, as did all the other
nanosphere coatings.

Figure 5.20: Photograph showing a comparison of contamination resistance for surfaces
prepared from silane treated nanospheres onto polyester-melamine surfaces (a-f) in
comparison to a colour reference and a contaminated surface with no nanospheres (left).
The nanosphere samples are (a) no silane, (b) n-Butyl-, (c) 1H,1H,2H,2H-perfluorodecyl-,
(d) 3-aminopropyl-, (e) 3-glycodioxypropyl- and (f) 2-[methoxy(polyethyeneoxy)propyl]trimethoxysilane coated respectively.

The coating produced from the nanospheres with no silane modification (Figure 5.20a)
provided a surface with total dirt shedding. It was anticipated that the roughened
surfaces would provide the improved contamination resistance, but the surface that was
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seen to be the smoothest by SEM was the only one that provided any dirt shedding
ability at all. This result suggests that the surface hardness is what provided the dirt
resistance, more so that the surface roughness or surface energy.

5.3

Conclusions

The addition of surface segregating additives into a polyester-melamine surface coating
formulation has resulted in various changes to the surface properties of the resulting
coatings produced. The incorporation of various PDMS oils into the polyester-melamine
coating formulation to observe the diffusion changes with molecular weight resulted in
all the final surfaces appearing the same when analysed by GDOES. The diffusion of
the PDMS molecules to the surface during the rapid curing of the coating is too rapid
for the diffusion to be monitored in-situ, so analysis needed to be performed after the
final coating was prepared. By this time all the surfaces were seen to appear the same
with an expected high concentration of silicon at the coating-air interface resulting from
the diffusion of the PDMS.
The surface diffusion properties of PDMS were exploited by trialling additives into the
polyester-melamine paint formulation which incorporated PDMS into the additive’s
structure. In particular, the use of a caprolactone-dimethylsiloxane copolymer additive,
allowed the addition of a PDMS based additive which was able to diffuse, and
subsequently bond, to the surface of the polyester-melamine coating. This coating was
seen to show some anti-graffiti properties and also, did not wash away from the surface,
as happens with PDMS oil additives.
The contact angle measurements for all samples were performed as equilibrium static
contact angle measurements since it was found that a high level of hysteresis was seen
for all surfaces measured making advancing and receding angles difficult to measure
accurately. The surfaces also showed an infinite roll off angles, that is, that the droplets
would not move on a surface with any angle applied to it. This suggests that the surfaces
produced all follow the Wenzel model of homogeneous wetting of the surface and its
asperities.
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Radio frequency oxygen plasma modification of the polyester melamine surfaces
showed a rapid reduction in the adhesion of activated carbon to the coating surface. This
reduced adhesion was seen to diminish with longer plasma exposure time. The addition
of a caprolactone-dimethylsiloxane copolymer additive to the polyester-melamine
coating resulted, not only in a greater reduction of the adhesion of activated carbon, but
longer exposure to the plasma did not result in a reduction in the adhesion. This result is
most likely due to a thicker siloxane layer being present due to the presence of the
caprolactone-dimethylsiloxane additive. The adhesion was minimised by the use of
between 0.5-1 % of the caprolactone-dimethylsiloxane copolymer additive added the
polyester-melamine coating formulation and 2 minutes of a 70 W plasma applied to the
surface.
Silica microspheres of 11 µm and 18 µm diameter were successfully surface modified
by treatment with trichlorosilanes exhibiting a range of functionalities. The greatest
effect was achieved using a perfluoronated silane, as shown by water contact angle
measurement. These spheres were successfully incorporated into polyester-melamine
coating formulations and applied to surfaces as thin films where interesting surface
morphologies were found. The inability of the spheres to form an ordered surface layer
resulted in no improvement to the dirt shedding ability of the polyester-melamine
surface by the inclusion of silica microspheres to the coating formula.
The use of silane treated silica nanospheres deposited onto a polyester-melamine
surface resulted in no improvement to the dirt shedding ability. The use of nanospheres
with no silane treatment, however, resulted in a hard surface being created improving
the dirt shedding ability of the surface of the coating. Since there appears to be no
correlation of surface energy and water contact angle of the coated surfaces with the dirt
shedding ability, this improvement seen in the un-silane treated silica nanosphere
surface seems to suggest that increasing the surface hardness shows the greatest
improvement to the dirt shedding ability of the polyester-melamine coating.
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6.1

Introduction

The focus of this chapter is the study of particle adhesion to plasma treated silicone
surface layers formed from complex coating formulations incorporating a caprolactonedimethylsiloxane copolymer additive. Radio frequency (RF) oxygen plasma was
utilised to make the surface of the coating more wettable. The resulting surfaces were
characterised with respect to water contact angle, surface roughness and the adhesion of
spherical zirconia particles and contaminants to the surface.
Test samples were irradiated using RF oxygen plasma over a range of intensities and for
various times to determine the effect of RF oxygen plasma exposure on the surfaces.
The use of Oxygen (O2) plasma exposure of PDMS surfaces has been shown to produce
surfaces of controlled surface topography and wetting properties.
In 2002 Eon et al reported the use of O2 plasma exposure to convert PDMS into a SiOxlike layer at a PDMS-air interface52. They suggest the formation of SiOx hard
‘micromasks’, better described as a thin, hard SiOx layer, being created in the upper few
nm of the PDMS surface layer.
The results Eon et al obtained were for SiOx layer thickness at 3 different bias voltages
over time. They showed a gradual increase in the SiOx layer thickness at the lower bias
voltages with the 50 V bias showing 2 nm SiOx thickness following 5 seconds exposure
and 4 nm SiOx following 15 seconds exposure. At 100 V bias the thickness appeared to
plateau after just 5 seconds at approximately 4 nm SiOx layer thickness which remained
to 20 seconds plasma exposure time. After 60 seconds plasma exposure, where as the 50
V bias sample showed an 8 nm thick SiOx layer, the 100 V bias sample showed just 6
nm thick SiOx layer.
These results by Eon et al show that, when looking to modify a PDMS surface to an
SiOx surface, it is better to apply a moderate bias voltage to generate the plasma as the
lower bias voltage reduces the amount of etching of the surface by the plasma generated.
Tserepi et al twice report the use of O2 Plasma etching to produce tailored surface
topography and wetting properties of PDMS surfaces49,53. In both of these cases a
crosslinked PDMS surface layer was etched to produce a roughened, superhydrophilic
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surface that was subsequently coated with an ultrathin PTFE surface layer to produce a
superhydrophobic surface, exploiting the surface surface roughness produced by plasma
etching.
The results obtained for dirt shedding of RF plasma modified surfaces, presented in
Chapter 5, will be compared to those obtained for surface roughness, and particle
adhesion to the modified surfaces. This overall comparison will be used to provide
added insight into the conditions that are required to create improved contamination
resistance of the coated surfaces.
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6.2

Results and Discussion

The adhesion force between the coating surface and a spherical, 35-40 µm diameter
zirconia particle was determined using a custom-built ‘force rig’ as described by Toikka
et al2 and shown as a schematic in Figure 6.1. An exposed view of the apparatus
without the environmental chamber in place is shown in Figure 6.2. The apparatus,
based upon AFM technology, was constructed so that a single contact could be made
between a particle attached to an AFM cantilever and the sample surface for a known
time and then the pull-off force could be measured.

Figure 6.1: Schematic representation illustrating the force rig designed to measure fine
particle adhesion via their pull-off force2.

A typical AFM instrument can perform an analysis of adhesion to a surface, but
typically a high number of adhesion measurements are undertaken as the entire surface
is scanned. In the case of the ‘force rig’ just a single adhesion event is undertaken and
measured. Measuring a single adhesion event is important in the system considered here,
as measurements for adhesion were undertaken of soft, polymer surfaces at
temperatures close to their Tg. It has been shown that similar polymer surfaces act like a
contact adhesive under such conditions and so contamination of the sphere can easily
occur where multiple adhesion contacts occur1-3.
Due to the possible contamination of the sphere attached to the cantilever tip, it was
necessary to clean and decontaminate the mounted sphere after each adhesion
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measurement which would have become a tedious process on a traditional AFM
instrument.

a

b
Figure 6.2: Photographs the force rig designed to measure fine particle adhesion via their
pull-off force (a) and a close up of the heating stage (b).
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Particle pull-off from the surface is measured directly by the instrument as a change in
the position sensing device (PSD) voltage, detected by reflecting the output from a
solid-state diode laser off back of the cantilever tip and onto the PSD. A typical PSD
signal result is shown in Figure 6.3. The glitch seen on the down slope prior to
detachment of the sphere is an artefact of the inchworm driver, and has no influence on
results.

Figure 6.3: Graph showing a typical PSD result for the pull-off force measurement. For
this example the change in voltage is approximately 0.8 V.

The conversion between detector voltage change and the particle pull-off force is given
by Equation (3) where Fp is the pull-off force, divided by particle radius, ∆V is the PSD
voltage change during pull-off, k is the cantilever spring constant, C is the compliance
factor and r is the particle diameter. Zirconia particles of 35-40 µm in diameter were
used for these experiments. The compliance factor, C, provides the conversion between
detector voltage and cantilever displacement. C is obtained by measuring the slope
obtained when the pull-off experiment is conducted using a flat, noncompliant,
nonadherent surface such as aluminium or silicon wafer.
For the cantilevers used the value for C typically averaged 7.5×10-4 V/nm. Displacement
is then converted to force using the cantilever spring constant, k. The adhesion
experiments were all performed with cantilevers of approximately 40 N/m with care
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taken to perform as many measurements as possible with the same cantilever so as to
minimise variation.
Fp = k∆V/Cr

(3)

According to the theory of contact mechanics developed by Johnson et al.74,90 the
applied load does not impact on the pull-off force. The adhesion force apparatus used in
this work is not able to measure the applied load, and it is, therefore, probable that every
contact experiment involves a different applied load. The reproducibility of the pull-off
force measurements, however, is good, suggesting that the applied load is unimportant,
consistent with the contact mechanics theory developed. 74

6.2.1

Adhesion to pigmented paint surfaces

Initial results of particle adhesion to a pigmented paint sample revealed that plasma
exposure reduced the pull off force required for removal of the particle from the surface.
However, it was also discovered that there was a high level of variability in the
measured results. It is thought that this variability is due to pigment particles present in
the paint formulation. When the contact is made on a pigment particle the adhesion
appears to be significantly lower compared with contacts made at other regions of the
paint surface. Figure 6.4 shows the raw data results for the change in PSD deflection
signal measured on pigmented surfaces. As these results were all measured with the
same cantilever tip with the same zirconia sphere attached, the results are directly
comparable.
The results shown in Figure 6.4 for the adhesion of a zirconia particle to the plasma
treated surface show that there is a trend towards zero adhesion with increasing plasma
exposure of the standard polyester-melamine surfaces. Since the plasma exposure was
seen to alter the surface energy this result suggests a possible correlation between
surface energy and the measured adhesion. It can be seen that when the surface energy
and hydrophilicity` of the surface is increased, the adhesion was seen to decrease.
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Figure 6.4: Change in PSD deflection signal measured on a pigmented paint surfaces

It was noted that when the sphere contacted directly above hard pigment particles in the

paint the pull-off force recorded was extremely low. The presence of the pigments in the
paint, therefore, created a large degree of scatter in the results obtained for the pull-off
force. Similar surfaces to the ones analysed here were studied for accelerated
weathering by Biggs et al108. They found that, as the surface was weathered, the resin
wears away revealing more pigment particles at the surface. The presence of these
pigment particles at the air-coating interface could therefore explain the dramatic
decrease in particle adhesion seen following plasma treatment of the pigmented coating
surface. This also suggested that increased surface hardness of the pigment particles
over the coating resin might aid in the creation of a contamination
contamination resistant surface.

6.2.2

Adhesion to nonpigmented, clear paint surfaces

Due to the variability created by the contact of the particle to the pigments in the paint
surface, nonpigmented, clear paint samples were subjected to the RF oxygen plasma

treatment in the hope of reducing this variability. The RF-plasma treated clear paint
surfaces were seen to show a greater adhesion of particles to the surface than that which
was seen when measuring the particle adhesion to the pigmented paint surfaces.

110

Chapter 6: Particle Adhesion to Surfaces

Variability in the results again resulted in a great deal of scatter in the results obtained,
though the scatter was reduced compared to the pigmented paint surfaces. Where the
adhesion was seen to be very low when the contact is made directly on the pigment
particles, the lack of pigmentation in the clear paint samples meant that the difference
between the maximum and minimum adhesion measured for a single sample was less
dramatic. Contact points that showed low adhesion gave adhesion results that were very
consistent but when the particle had a high adhesion to the surface of the paint, more
scatter in the results was seen. The higher adhesion resulted in higher defection of the
cantilever and small variations in the adhesion resulted in big differences in the point
that fracture of the sphere from the paint surface occurred. In effect the % variation in
the results may be similar but the absolute magnitude of the variation in results makes
the scatter appear more dramatic for the results showing higher adhesion.
Figure 6.5 shows results for the change in PSD deflection signal measured on
nonpigmented surfaces. Due to the lack of pigment particles producing regions of little
or no adhesion, the results for the adhesion to the nonpigmented paint surface were
thought to be more representative of the adhesion of particles to the paint surfaces than
the adhesion to the pigmented surfaces. The samples tested also contained a varying
percentage of the caprolactone-dimethylsiloxane copolymer (Additive B from chapter
5), chosen because of the effectiveness of Additive B in dirt removal once the plasma
treatment is applied, as presented in the previous chapter.
Converting to a pull-off force, Figure 6.6 shows the same data as Figure 6.5 but with
respect to additive concentration as opposed to plasma time. The scatter seen in the
results for areas of high adhesive force is believed to be due to the way in which the
surface deforms around the sphere while in contact with the surface, a phenomenon also
seen by Toikka et al for the interaction of spherical glass particles with PDMS
surfaces1. A general trend can be seen in the results displayed in Figures 6.5 and 6.6. As
the plasma exposure time increases, the pull-off force for the particle in seen to
decrease. Although there was little difference seen between the 10 and 20 Watt plasma
power, it can be seen in the case of the 70 Watt plasma that the pull-off force is also
reduced with increasing the plasma power. Other than the result for one minute plasma
exposure, which appears to be an anomaly, a minimum pull off force was seen for the
nonpigmented polyester-melamine surface containing 0.5 % of additive B.
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a

b

c
Figure 6.5: Change in PSD deflection signal measured on nonpigmented paint surfaces
containing 0.25 % (a) 0.5 % (b) and 1 % (c) of Additive B (lines are used only as a guide
for the eyes)
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a

b

c

d

e
Figure 6.6: Change in pull-off force of particles on nonpigmented paint surfaces
containing varying percentages of Additive B exposed to (a) 1 minute, (b) 2 minutes, (c) 5
minutes, (d) 10 minutes and (e) no RF plasma (lines are used only as a guide for the eyes).
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6.2.2

Surface Roughness

Surface roughness measurements were made on the pigmented polyester-melamine
surfaces containing no additive, and for the nonpigmented polyester-melamine surface
containing 0.5 % of additive B. Areas of 30 µm2 were analysed by contact mode atomic
force spectroscopy (AFM) and an average roughness (Ra) was determined from
measurement of four different regions on the surface of each coating. The results of the
AFM analyses are displayed in Figure 6.7.
In an attempt to reduce the scatter of the results, the use of larger analysis areas up to
100 µm and smaller analysis areas down to 5 µm were attempted. The use of different
cantilever scanning frequencies from 0.5 Hz to 3 Hz was also trialled for the 30 µm scan
size in order to reduce the scatter in the results. Both the change in scanned area and
scanning frequency resulted in minimal change in the results obtained for the roughness
for a single area. The variation between the different regions scanned within a single
sample therefore was not seen to change with the variation to the scan parameters.
Similar roughness results and scatter to those found in Figure 6.7 were seen by Biggs et
al108 when observing the change in surface roughness with UVB exposure to simulate
weathering of a polyester-melamine surface. It was also reported that the surfaces of
pigmented polyester-melamine coatings were inhomogeneous with high roughness
variability, accounting for the high level of scatter found in the surface roughness
measurements.

114

Chapter 6: Particle Adhesion to Surfaces

Roughness (Ra) change - Pigmented
250
Ra (nm)

200
150

20 Watt

100

70 Watt

50
140 Watt

0
0

5
10
Plasma Time (min)

15

a
Roughness (Ra) change - Nonpigmented
20
Ra (nm)

15
10

70 Watt

5

10 Watt

0
0

2
4
Plasma Time (min)

6

b
Figure 6.7: Ra roughness measurements (lines are used only as a guide for the eyes).

Nonpigmented roughness measurements seen in Figure 6.7(b) were obtained using the
surface containing 0.5 % of additive B, as that surface showed the most dramatic change
in the particle adhesion results. The nonpigmented surface was found to be more
homogeneous and of very low roughness, with a lower level of scatter, compared to the
pigmented paint samples. Some scatter was still found in the results, but can be
attributed to slight differences in the level of flatting or self-levelling of the paint
surface during the coating process.
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Figure 6.8: RMS roughness measurements (lines are used only as a guide for the eyes).

Values measured for RMS roughness of the oxygen plasma treated surfaces are shown
in Figure 6.8. Only slight differences are seen between the Ra and RMS averaging
techniques, but the biggest difference seen is following 2 minutes of 10 W plasma time
which appeared to drop in roughness by the Ra method but rose slightly in roughness
using the RMS method.
In conclusion very small changes in surface roughness have been seen in both the
pigmented and non-pigmented surfaces, though there does appear to be a very slight
trend towards increased roughness with increased plasma exposure, as you would
expect. There does not appear to be as dramatic a change in surface roughness to
suggest that surface roughness accounts for the dramatic drop in surface adhesion seen
following exposure of the surfaces to the oxygen plasma.
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6.3

Conclusions

It has been shown that the addition of a caprolactone-dimethylsiloxane copolymer to a
polyester-melamine paint formulation creates a surface of low particle adhesion. The
caprolactone-dimethylsiloxane copolymer diffuses to the surface during cure, followed
by plasma modification to create a high surface energy surface.
A general trend can be seen that, as the plasma exposure time increases, the pull-off
force for the particle decreases. A minimum pull-off force was also seen for the nonpigmented polyester-melamine surface containing 0.5 % of the caprolactonedimethylsiloxane additive with the 70 W plasma showing the fastest reduction in
adhesion but the 20 W plasma showing the least adhesion, though after an extended
plasma exposure period.
The lack of variation in the average roughness values suggests that variations in the
surface roughness do not correlate with differences in the adhesion properties of
particles to these surfaces. A trend has been observed showing a small increase in RMS
roughness with plasma time however this result is not repeated in the Ra data for the
same surfaces. This result differs from the result seen for the carbon slurry test used in
Chapter 5 since that was performed on a pigmented paint surface and these results were
achieved using non-pigmented coatings. The surface energy differences between the
pigmented and non-pigmented surfaces were measured and found to be negligible.
The surface adhesion results suggest that the reduced adhesion seen in the surfaces
tested is possibly the result of a combination of increasing surface hardness and
increased surface roughness. Surface roughness, however, appears to play a smaller role
in the reduction of adhesion to surface harness. It can be stated, however, that the
adhesion appears to be independent of the surface energy in the case of surfaces tested.
Comparing the adhesion results seen in Figures 6.5 and 6.6 to the results obtained for
adhesion of the activated carbon in Figures 5.10 and 5.11 both sets of results show that
0.5 % of the caprolactone-dimethylsiloxane additive gives the best results with the
reduced adhesion in both cases.

117

Chapter 6: Particle Adhesion to Surfaces

The force rig adhesion measurements show greater variability in the results with subtle
changes making measureable differences in the results obtained. For the activated
carbon ‘slurry’ test, the results seem to be less sensitive to the subtle variations in
plasma exposure. This could be down to the use of pigmented coating surfaces for the
activated carbon ‘slurry’ test. The force rig was less sensitive for the pigmented coating
surfaces exposed to the RF plasma because of the scatter in the results caused by the
pigments on the surface. This scatter was reduced for the non-pigmented coatings.
Looking at the overall results it appears that a polyester-melamine coating containing
0.5 % of the caprolactone-dimethylsiloxane copolymer additive given 2 minutes of a 70
W oxygen plasma shows the best case for reducing the adhesion of contamination to
polyester-melamine surfaces.
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7.1

Conclusions

A complete ‘top-down’ approach to the formation of contamination resistant surfaces
has been performed, from the analysis of the adhering particles through to the addition
and subsequent modification of surface active molecules in to the paint formulation in
order to prevent to contaminating particles from adhering to the paint surface.
Summarised in this chapter are the conclusions that have been found.

7.1.1

Analysis of the Contamination

The examination of the atmospheric contamination that accumulated on the panels
exposed to the environmental contamination in Singapore revealed the presence of
carbonaceous and silicaceous species. SEM analysis of the contamination showed the
contaminating particles to be mostly in the 1-10 µm size range.
The presence of soluble material that was able to be analysed by GC-MS leads to the
belief that there is a contaminating carbonaceous surface layer present in addition to the
particulate contamination, however the exact nature and structure of this surface
contamination was also unresolvable due to the high number of similar carbonaceous
species found by GC-MS. Due to the inability to distinguish between the diverse ranges
of contaminants found to be present on the exposed panels, a determination of the exact
nature of this contamination was unable to be resolved.
Unfortunately the surface layer was found to be too thin to analyse by SEM/EDS. It was
clear from the collection of the contamination onto the different media that the
contamination does build up very quickly, with the test samples exposed in the outdoors
for only one week already showing visible contamination.

7.1.2

The Use of Silica Micro- and Nano-Spheres

The incorporation of silica microspheres of 11 µm and 18 µm diameter into coated paint
formulations was achieved. The silica microspheres were successfully surface modified
by treatment with trichlorosilanes exhibiting a range of functionalities. These spheres
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were successfully incorporated into polyester-melamine coating formulations and
applied to surfaces as thin films where interesting surface morphologies were found.
The inability of the spheres to form a surface layer of controlled long range order
resulted in the spheres providing no improvement to the dirt shedding ability of the
polyester-melamine surface.
The incorporation of surface modified silica nanospheres into the paint formulation
showed no sign of the nanospheres diffusing to the coating-air interface of the paint
surface in the same manner as the microspheres. The subsequent use of silane-treated
silica nanospheres deposited onto a polyester-melamine surface as a secondary coating
also gave no improvement in the dirt shedding ability.
The use of silica nanospheres with no silane treatment, however, resulted in a hard
surface being created which was seen to improve the dirt shedding ability of the surface
of the coating. This process is similar to a secondary coating treatment that BlueScope
already use.
Since there appears to be no correlation between surface energy and water contact angle
of the coated surfaces with their dirt shedding ability, this improvement seen in the unsilane-treated silica nanosphere surface seems to suggest that increasing the surface
hardness gives the greatest improvement to the dirt shedding ability of the polyestermelamine coating.
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7.1.3

Additives Added to the Paint Formulation

The addition of PDMS oils of varying molecular weight to the polyester-melamine
coating resulted in surfaces when the PDMS diffused to the coating-air interface. Little
difference was seen between the rates of diffusion of the varying PDMS oils through
polyester-melamine coating for the conditions tested. It was revealed by GDOES
analysis of the surfaces that a silicon rich coating-air interface was formed for all the
molecular weights of PDMS tested.
The ability of PDMS to diffuse to a coating-air interface was exploited and utilised by
diffusing various copolymer species containing a dimethylsiloxane. The material
showing the greatest future potential as an additive in the polyester-melamine
formulation contained caprolactone terminal end-groups to anchor and co-polymerise
into the coating preventing the additive from being washed away from the surface, as is
the case with PDMS oils. The caprolactone-dimethylsiloxane copolymer diffuses to the
surface during cure to create a surface seen to be resistant to types of graffiti.

7.1.4

Oxygen Plasma Surface Modification

Exposure of the modified polyester-melamine surfaces to radio frequency oxygen
plasma to create a hard SiOx surface of high surface energy resulted in the formation of
surfaces of reduced adhesion of contamination. Exposure of the pigmented polyestermelamine surfaces to oxygen plasma exposure resulted in a dramatic reduction in the
adhesion of the surfaces as measured by both activated carbon ‘slurry’ adhesion and by
pull off force as measured on the force-rig. Non-pigmented polyester-melamine surfaces
showed a greater sensitivity to subtle variations of adhesion when the pull-off adhesion
to these surfaces was measured by force-rig.
The greatest reduction in adhesion was seen to be due to the exposure of the
caprolactone-dimethylsiloxane containing surface to radio frequency oxygen plasma,
resulting in a dramatic decrease in the adhesion of activated carbon particles to the
coated surface. A general trend could be seen where, as the plasma exposure time
increases, the pull-off force for the particle decreases. A minimum pull-off force was
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also seen for the non-pigmented polyester-melamine surface containing 0.5 % of the
caprolactone-dimethylsiloxane additive following 2 minutes exposure to 70 W radio
frequency oxygen plasma.

7.1.5

Surface Roughness

The lack of change with plasma exposure, of the average roughness values suggests that
variations in the surface roughness do not correlate with differences in the adhesion
properties of particles to these surfaces. A trend has been observed showing a small
increase in RMS roughness with plasma time however this result is not repeated in the
Ra data for the same surfaces.
These combined results suggest that the reduced adhesion seen in the surfaces tested is
possibly the result of a combination of increasing surface hardness and increased
surface roughness. Surface roughness, however, appears to play a smaller role in the
reduction of adhesion to surface hardness. It can be stated, however, that the adhesion
appears to be independent of the surface energy in the case of surfaces tested.

7.2

Future Directions

With increased surface hardness being indicated as a key factor to reducing particle
adhesion to surfaces, it seems logical that methods to measure surface hardness should
be utilised. Methods currently used for measuring surface hardness, however, measure
the hardness of an entire thin film rather than just the first few nanometres in depth. For
the case of the coatings used in this study, traditional surface hardness measuring
techniques would probe the entire surface by effectively measuring the compression
under the probe. The ability to test the surface hardness over the first few nanometres of
a surface-air interface, independent of the rest of the coating would therefore be
advantageous in predicting the contamination resistance of that surface.
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